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THEME 


The  increase  of  speed  is  a  promising  possibility  for  improving  the  performance  of  gas  turbine  engines.  In  order  to 
maintain  high  efficiency  and  reliability  of  advanced  engines,  containing  large  portions  of  supersonic  flow,  a  deep 
understanding  of  the  influence  of  supersonic  and  transonic  phenomena  is  essential,  The  present  Specialists'  Meeting  aimed  at 
providing  a  contribution  to  this  goal 

The  scope  included:  experimental  data  on  shock  structures,  shock  induced  losses  including  shock  boundary  layer 
interactions,  computational  results,  and  blade  design  methods.  The  meeting  offered  a  forum  for  highly  qualified  specialists  to 
discuss  their  views  and  the  latest  results  of  their  investigations,  and  for  development  engineers  to  be  informed  on  the  state-of- 
the-art 


L'augmcmation  de  la  vitcsie  offre  des  powabilites  proweitcuses  pour  amdliorer  les  performances  des  turbomachines. 
Pour  mairnenir  !e  rentiement  dkvd  et  la  Rabilite  des  raoteurs  avaneds,  utiUsam  targement  I'eeoukment  supersonique,  il  est 

aide  a  atteindre  cct  objcctif, 


l.«  dwnaines  d redid*  comprirent:  tlonndes  expdrimenrato  sur  les  structures  de  choc,  sur  to  penes  dues  an*  tank*  de 
choc  y  eompris  to  interactions  ontte  de  choc  —  couehe  liraite,  sur  ks  rdsuitats  de  cafcul.  et  sur  to  mdthodcs  de  conception 
des  auric*.  Cette  rdunkw  constitua  tut  forum  pour  ks  spdcialisto  luuicmem  quaMid*  oh  its  purest  direuter  kur*  points  de 
vuc  et  les  dernier*  rds&tuus  de  lews  reehcrehc*.  et  pour  ks  ingdnkurs  de  ttiveiepperucM  qui  petiwu  sc  tcuir  au  couram  de 
1‘dtat  actual  de  la  technique. 
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th*  tett*  btsedhc  out  •  ouuogly  e  't-diseseinnel  fiov  <ir«letel  very  dll (treat ty  Item  the  *«* 

etwrcM  I*  2*0  tkerueel  lies*.  The  p.eMSt  rtprtIMeUi  ilotr  Ike  reveeled  It*  l«l  tier  it  lit 

pt«M«*  oil  It*  eiroeg  *J*»»*e  ptteturo  gredlevt  »t  th»  Uetl,  •  M  Vtunltty  leitt  t*»2*  lo  thicken 
let*  th*«  •  1*0  bwedtry  lsy*t,  title  tke  (lee*  tt*  reor(ielM  to  #  both  t*r*  tteple*  P.teklut  U  tke 
throe  direct leoe  *f  epote. 

Ike  prttlM  date  *Mil*M  lltt  (Lit  MM  keen  watyebl  t*  trriee  tt  a  betttt  oMtiretondind  at  the 

pktKtdM  (net  t  pbratcal  paint  *i  rl*e,  tad  a i*o  caulitete  •  doit  baa*  tor  onlldntihd  tie 

ttiitlttlat  twiali  b*i*4  vtetltftd. 


Le*  let  tract  1***  ontt*  St*  ooget  de  chM  w  (srtaat  dsn*  ea  rant  I  as*  *Uas*ea  lieaM**l|wl  am 
MH>iea(<«r  at  t»a  crock**  Itstt**  te  dtrelefsett  sec  i*t  pern  It  Wt,  taw  •*  It  salt,  det 
liptritMlM  NurtitMtH  eetc  I*  ItKllMMtn!  elnditatliw  dv  dlnpotltll,  to*  c*  eeli  sot  pel** 
d’ttc.  tt  lllltewr  to  so  grill*  d*t*>b»».  Lae  t*t*i*cll*a*  sit  dot  ttfeia  pelilteillttant  ndtsataa 
guasd  ellM  lakdMt  la  HoilMM  tea  t*och*a  llttlta  II  post  to  tdOsUat  dae  pectea  da 
pertonedvee*  cssalddttMsd  sotc.  It  plot  must,  I'efperltlet  thwUUtttllltt  t  trial*  dckatU 
Mtitausd  ataslblM. 

S*v8  I'lMert  do  rockotdbo*  ted*  lapetlitl  rminl  toe  t  attract  lent  iMc-cwM  llslte  tree 
coma  okjertifa  da  si  to*  tesprttdre  1*  pkyaieka  4*  cat  pbtattloat,  u  let  Msdlllsat  ceriet'eotsl  at 
d*  ddoaleppar  da*  t*ckslev*«  4*  c«*tt«l*  Htwitau  4*  pctutalr  laett  rmeleeeira*  adgstlte* 

Ml* 

Sts*  «U»r  pin*  *****  dto*  m  ea****  sppcafosdl  W  pcokltew*  riMirttil**  <bec~ceorke  Mbit* 
(U  S*ci*»r  iaUNW  poser*  to  roportar  to*  tdldcosce*  U,J,*|  pour  «•*  MtMlgttsin  boosemp 
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plue  coaplete)  aignslon*  qua  dee  progrdi  crde  aubatenclela  out  4t4  accoaplla  cea  drrnlirsa  annSee  dana 
l'onalyit  expdrlr-sralo  at  aurcout  dana  la  aodlliaatlon  da  caa  phdnoapoee  an  tcou.leoent  bldtaanaionnal 
qua  ca  dolt  par  l'utlliaotlon  da  odtbode*  da  couplaga  fluldc  parfait/f luida  vlaquaux  ))  4  d]  ou 
par  rpaolucioo  daa  tquatlona  complices  da  ilavlar-Stokaa  eoyenndce  an  caapa  (9,10,11), 

Toutefole,  dana  la  pratlqua  la  plua  courance,  hotel#  qualquaa  ditpoelclfo  4  »ys4crle  da 
revolution  (tuydraa  propulalvaa  oq  certain#*  prtaaa  d'alr,  par  excople),  lea  ieoulooence  aont  trda 
giniroleaent  trldliaanalonnala  .  La  probUen  da  l'intaractlon  deviant  alora  netceeenc  plua  coeplexe  at, 
di)4  aur  la  plan  da  la  coeprphenelon  phyelqq*  daa  phiRoain^e, on  a  a  luturte  4  de  groaaaa  dilflcultia 
dana  l'interprdtatioa  da  l'obaarvatlon  (12,1), 14).  OuanT  4  la  provision  thdorlque,  aea 

poaalblllc4a  aont  oncora  llnltdaa,  blan  qua  lea  progria  da  la  eodPlleation  par  rdaolutlon  daa 
equations  da  Navier-Stokee  aolaot  rapldea  (1), lb, 171- 

Lea  objeoelta  prtncipaux  de  l'btuda  de  baaa  talaani  I'objet  de  la  prdaante  counuol cation  aout  lea 
aulvanta  : 

I  -  an  prealer  lieu,  donner  una  deacrlprlort  physique  auaai  couplet#  qua  poaalbla  da  l'dcouleaaut 

tranaaoolqua  dana  un  canal  trldlaanalouLal  ; 

It  -  an  aecond  llau,  conatltuar  un  enaexble  da  donodea  blan  docueantt  at  ddtallie  pour  dvaluet  lan 

ndcbodes  de  calcul  exlatantaa  ou  ea  ccor*  de  <i4v*lopp*ee«t. 

Lea  experience*  one  4t4  eflcctudes  volontairtwnt  ’ .If  une  configuration  aeatlque  da  toree  eisple 
de  aaallr*  4  better  lea  dWtlculcea  de  aeaute  rencontres*  dana  lea  aaaala  aur  turbqoachlnen  rielles 
lib).  Cette  altuatlon  plua  conlortable  pc rust,  coma  noua  le  verroaa,  de  diertre  aveq  besuenup  de 
ftneaee  un  beouleaenl  dont  la  atrueture  eat  44)4  d'una  grande  coep.l eel ti.  L'dtude  prdaen-e  eat  une 
extension  au  ertdleaoalonnel  dea  recherche*  naebreuaea  04)4  etlee tubs*  4  1'owSgA  aur  let  beuuleasaata 
tranaaonlquee  aa  canal  bt  <11  ten*  tunnel  )19|. 

i  -  otswsim  bimwasTAi  tt  Tsomtonss  fniwiwum  - 

2-1  -  TWoiaa*  djaaaal  -  Oitlnltlou  du  canal  » 

La  photographic  de  'la  t tgufc  1  danse  une  vue  a'eneesble  iq  dtapeaMW  expitloental.  Celul-»t 
cantata**,  paw  I’aaaenttal.  ea  une  vein*  aubesalque-euperaanlque  dent  la  yaml  .upitleo.e  eat  plan#  at 
dent  1*  parol  intpriaure  perta  une  “baa*e“  deat  la  gesepiitt*  *»t  44ll«le  dana  ee  qnl  ault.  Le*  deu* 
lace*  laiirale*  du  canal  ion  quivatltudea  d*  glare*  plane*.  L’envergure  de  W  vein*  eat  de  l*iJa*t  et  an 
hauteur,  daa*  u  Motion  d'entrde,  eet  d»  too**.  1*  lota*  et  lea  dWeaelsn*  de  In  bwiae  none  prdclade* 
Ilg.J.  1U<  coatwne,  eh  meant,  une  pars!*  («t<lll(*e  deal  la  peate,  reiatlvewnl  4  t’f.'«Ht»Mtnl»,  eat 
d'antlrus  •*,  &ett»  p«**14f«  pdftlnn.  qut  (fees*  ay  eanal  .  •«  rathe  p.attqueteent  btdlaeaatonselle,  eat 
eulvle  a'un  cent  our  4  pent*  ivalqtlve,  d'ahetd  eirculdtr*  eanveae  traytm  igal  4  1iM«*>},  pal* 
elrruldlte  vant-ev*  ttayue  4gal  4  iaonai.  lea  deu*  art*  ds  eetele  eeat  44f«»»*  de  •aniare  j  e*»uree  la 
centlnvHl  d»e  pente*  ea  Iwc  point  de  ratcotd  a!  nil  («’«*  leuti  ront  ecto  tree  lee  pat  tie,  meant  at 
aeal  aettlStsnea.  L'eitet  tudteeaeloene!  eat  o.bte*u  e«  dpsnent  4  U  ll<«e  toreunt  !e  de  la 

b-aeea  us*  4ll»«tl*m  4*  40’  par  rafgart  4  I'desuleteest  nnunt  tft4«b*  de  J0*1.  ts  tvauteut  *ael*al*  4*  la 
boas*  «*t  de  Warn  et  m  losgueof  rotate  de  IjVoe.  In  aval  de  Is  tlgne  de  etto  U  gdailst t*n  eat 
cp  I  loir  lave. 

L*dtovl«est  »,Svw| *>**  ,n  pruee... enr.e  <e  l'*ae»t  *'#ts4t4»e  ds»«  U  p*f!l*  oasest-gente  de  U 
»»l«e  pout  I'etbt  aviUw  au  «n! «lsv»  do  eetm*',  d,  la  bead*  «i  (tditltee  w*  dot.  tn  •*>(!, 

1 4S«ool«ne*it  dtelint  nupataenHoe  i  pula,  »«  tataon  ii’un  etlet  do  Plstege  piodelt  »**  tt*  deunUeo  tat, 

II  03  ralontlt  -to  ttsnt  ,e  aldqe  d‘e*dee  de  tied  leteraglaeant  Isttebeat  *«+c  lea  CeaetM*  lldltee  q»t 
**  dedcleppent  ear  lea  qua! r*  tamo  de  le  define. 

to  **c«KW  eel,  dans  I'tnrwrttyt*  eel  IdgiaMe,  dot  aadbagd  4  I’aastdotlia  de  la  eel  da,  tea**  le 
•wnlt*  Is  d*  l»  tlgoie  1.  «sl«*  I’affot  da  blarag*.  VO  <«l  ISole  rdvoslenast  a* tty *4  d*a 

pttUflaUetl  d*  rttealw  ptwntti  dee  venal  last  loos  aval  de  it  aeulllarla  qU  eerasast  a*  wette 
d'ltutehblUtda  padatltea. 

La  fmtwi  dv-  ratal  s  til  ddfini*  adat  le  twtl  d*  Uclllttr  »»  d*»»  la*  edtbsiei  da 

rnlddl  n  delta*!,  a*  puutsllit,  lea  dlKtallntltll  »  rttltlltn  t top  tapldda  da  pMlH  to!  east 
aaswi!  4  IVljltv  4*  liKUelttt  Jt  aatllaga.  fn  ttnstPe,  smm  **»  alien*  la  vo!f.  ! 'IiwIismi 
traeaaonlqva  dl*al  gdnata  eat  lotuawt  t m: •»««!»»*« I  et  LaaoKaoip  plua  cethplas*  qua  la  plapovl  «* 
rawa  ttsdlda  ]«aqu*4  pedatnt  t«D  *  77,  voir  **ei(  a). 

Le  Kattpi  d'taotl  eet  IMlilll  Uei  use  mlllttlt  rs*tl-»v».  do  typ-  llliti,  elieontd*  pet  do 
I 'alt  stiaeepbdiiqod  dandvV*  «*c-t  i»«  ntjltlm  gtudfalrlcea  !  yteatlo*  H  »  S,*i.  lij’"?* 
taotjdfatot*  •  SfS*.  La  oeoare  4e  anyaetda,  olrulo  jvnr  1'dlst  ttwslqsae  el  «  pronto:  cot, tm 
loopoMit  db  tlflrenJe  L  la  Muoif  do  «*l  (veil  1  *  t^ae)  e  pact  ealear  U.l.tL  .  bnt  <*» 
roailUeat,  lea  twin  Uelteo  nett  plat  west  tetMoMta  w  alvdoe  daa  Intaieatlacc. 

1,7  -  aayena  do  tosllllteuaoi  de  1  'drcolaaeot  * 

IH  petal  a  Inlltleoto  *t  loidtlHtt  de  t*  vela*  Mart  dqulpda.a  tVetwna  de  7)4)  Mllltu  da  pteoalao 
ttallqu  deed  U  plapwi  t#t  Itpledlt  dons  Sea  dene*  da  latte  teltlKilw,  reeai  (kdlqui  Pig, 7. 

U«  KeelMtaii  pmltMl,  ret  lea  t volte  !«m  da  taitl,  eat  ill  cdcrlta  i  parti r  do  tpetltta 
a  Herne  par  la  urialpa  de  l 'a*  lull  etfrquewa. 

Lea  awestee  da  tlwip  «et  dtp  espratPee  4  I 'side  d'va  vpieetwltra  tilit  4  )  teq*ie»tn  Seat  same 
ell-.-'M  ddvrire  lea  (MMlItiultiM  eetaltleUa*  el  eel  quo  ia  arM  da  linttllelieni  adapt*  pv«t.*  la# 
ptPaeteta  aeeola. 
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L'appareil,  dont  la  figure  3  donne  le  schema  de  principe,  a  mi#  au  point  par  la  Direction  de 
la  Physique  G6n6rale  de  l'ONERA  en  liaison  avec  le  Groups  Mesurea  Laser  de  la  Direction  de 
1/Agrodynamique  (pour  plus  de  details ,  voir  la  r£f6renca  (28])* 

Le  v61ociadtre  est  4quip4  de  deux  lasers  l  Argon  identiques  pouvant  6mettre  une  puissance 
maxiaale  routes  raies  de  15tf.  Le  premier  fonctionne  en  aono-raie  violette  (longueur  d'onde  ^  «  0*4765^ 

a)  sous  une  puissance  de  3W»  Le  second  est  utilise  en  toutes  raies  sous  6W  et  son  faisceau  est  dlvitft 

par  un  jeu  de  lanes  dichrotquea  scmi-tranoparen.tes  en  doux  couleurs  :  le  vert  (  <\  ■  0 ,514511  m)  et  le 
bleu  (  X-  0,488^. m).  ' 

Lee  trole  paires  de  falaceaux  qui  rgaultent  de  la  traversge  dea  trots  divlaeura  (DVy  ,  DB  at 
DV t  ,  voir  Fig. 3)  sont  focalisges  pour  oonstituer  le  volune  le  meaure  dont  le  diaaitre  utile  eat 
d'envlron  400  ito.  Dans  la  presents  configuration,  lea  rayonnements  bleu  et  vert  aont  fails  dane  un  plan 
horizontal  selon  une  direction  falsant  un  angle  de  25,17*  par  rapport  4  l'axe  0Y  dirigg  salon 
l'envergure  do  aontage  (voir  Fig. 4).  Leur  interference  donne  deux  systimes  de  frangea  l'un  horizontal 
(le  bleu)  et  l'aucre  vertical  <le  vert)  contenue  dana  un  plan  perpendiculaire  1  la  direction 
d'gmlssion.  Le  rayonneoent  violet  est  Sgalement  gals  dans  un  plan  horizontal  selon  une  direction 
incllnge  a  23,33*  par  rapport  1  l'axe  OY.  II  prodult  un  rf seau  de  frangea  verticalea  tltuge*  dana  un 
plan  normal  A  cette  direction. 

Ainsi,  le  vecteur  viteaae  eat  mesurg  dana  un  systgae  d'axea  dont  l'un  eat  vertical,  OZ,  at  dont 

les  deux  autrea,  0X1  et  0X2,  contenue  dana  un  plan  horizontal,  font  entre  eux  un  angle  de  48,50*.  Dei 

formules  flgmentaires  peraettent  d'exprltaer  les  coaposantea  du  vecteur  viteate  dana  le  ayatiae  d'axea 
adopts  (OX,  0Y,  OZ)  dgflni  Fig. 4. 

Les  rgglages  utilises  conduisent  aux  valeurs  auivantea  pour  les  inter! ranges  i  37.34  ia  pour  le 
bleu,  38,61_^-m  pour  le  vert  et  35,93yta  pour  le  violet. 

Afin  de  permettre  au  systAme  de  dgtecter  1'orlentatlon  de  la  coapoaante  de  viteaae  meaurge,  les 
six  falsceaux  traversent  des  cellules  de  Bragg  lnduisant  un  dgfllement  des  frangea  A  l'lntgrleur  du 
volume  de  meaure,  dont  la  frequence  de  modulation  eat  de  7,5KHz  pour  le  bleu  at  le  violet  et  de  lOHHa 
pour  le  vert. 

La  partle  reception  eat  conatltuge  do  deux  telescopes  Cassegrain  da  200mm  d'ouverture  de  manltre 
A  collector  un  maximum  de  rayonnement  diffuse  par  las  particulee  traveraant  la  volume  da  eeaurt.  La 
premier  comporte  des  flltres  lnterferentiels  qul  peraettent  d'extralre  et  de  aeparor  les  rayonnement* 
vert  et  bleu  de  la  lualAre  qu'il  recueille.  Le  deuxiAm*  telescope  sdlectlonne,  de  la  mtae  asnltrs, 
le  violet.  Les  rayonnement*  ainsi  *6p*rga  aont  envoygs  aur  trols  photomultlpllcateura.  Las  algnaux 
qu'lla  deiivrent  entrant  dans  da*  comptaur*  DISA  55L  dont  lea  aortlea  numgrlquea  aont  connectdas  1  un 
syatAme  d'acqitisltion  par  l'lnteragdtaire  d'un  nualrlsateur  slaultane.  Cat  ipparell  parmat  da 
s'as8urer  que  les  trols  mesurea  de  viteaae  effectuges  aont  blen  relatives  A  la  aim*  partlcule  qul 
vient  de  traverser  le  volume  de  mesura.  La  fenttra  da  ce  numgrleateur  alt  lei  rgglg*  I  1  a. 

Le  systgme  peut  fonctionner,  solt  en  diffusion  avant,  solt  an  rgtrodlf fusion.  Dana  lea  prattnta 
asaals,  le  mode  de  diffusion  avant,  qul  procure  un  rapport  signal  aur  bruit  baaucoup  plua  Important,  a 
gtg  adoptg,  Alors  les  ensemble*  d'gmleslon  et  d*  rgcoption  aont  aontga  aur  deux  tabla*  enlistee  da 
dgplacementa  prgcls  (Incertitude  Je  0,05am)  salon  troll  directions  parpandlculalres.  Cllea  aont 
pllotges  par  un  ordlnataur  qul  coordonue  leuia  aouveaantt  da  sunlit*  4  ce  qua  l'optlque  collactfU* 
auiva  le  volume  de  meaure  au  cours  de  ion  diplaceMnc. 

Afln  d'obtenlr  un  taux  d'acqulsitlon  aufflatnt,  aurtout  dana  1st  rgglone  tourblllonnalr**, 
I'gcoulemdnt  gtalt  ensanancd  par  das  goutmlattaa  da  paraflna  lnjecttea  par  una  canna  placta  dan*  la 
chambre  da  tronqullllaatlon  d«  la  soufflarl*. 

La  photographic  da  la  figure  5  montre  1*  vgloclsitra  laaar  Inatall*  de  part  et  d'dutr*  da  la 
soufflarla.  Sur  la  parti*  gaueh*  da  la  photo,  on  volt  I'anaambla  talaalou  avac  sss  deux  aourcaa  laaar 
at  laa  deux  optlouea  da  foealiaatlon  vlaant  raapactivaaant  l  25,17*  at  21, 33*  par  rapport  1  la  florae le 
A  la  valna.  A  droite  da  la  aoufflarla,  on  distingue  laa  dtux  Ctlaacow*  Caaaagratn  gqulpaot  1*  parti# 
rgceptlon. 


En  chaqu*  point  da  aaaura,  11  gtelt  ptocgdl  1  I'anrogUtramaiit  dea  trol*  coapoaaataa  da  la 
viteaae  Iratantanle  aur  un  (chantillon  da  2000  '.vAnaaenta  correspondent  t  la  traverM*  du  voluaw  da 
.aesur*  '"par  7000  partlculaa  (aott  au  tot*.'  i  3  x  2000  “  M00  valaura  Instantiates  pour  u,v,u, 
coapoatntee  salon  OX,  0Y,  0Z  raspactlvamant),  L'ordtnataur  aasocli  au  vgloclMtia  permit  d'obtanlr  an 
ldgsr  dlffsrg  let  tarmee  atatlstiquea  laa  plua  uauaia  |  I  tavolt,  pour  trol*  variables  fluctuant**  a 

«r  y,  *  , 


-  i*a  valaura  uoyanaas 


«  viLv 


-  las  gcart*  type*  i  (**  *  *)}  j  ^  * .  ) 

-xu  £  £(**-*)(*■ iWt"’ 

H  *  it  4 


-  laa  corrtlatloaa  crolataa 


Lae 

■na)d 


asm 

it  six  quantlfcte  C-t  ,  ....  otu  ...  tor  c  IdancKlgaa  aux  comyoaaata*  dlatlnctaa  du  taapaur  da 
>•  qul  oaractgrlaant  let  proprlltfa  da  la  curbulanca. 


Dana  crtt*  comaunloatlon,  nous  feroae  untquaaant  gut  <1**  rdsulcata  taJatif*  au  cheap  moyaa. 
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3  -  DESCRIPTION  DB  L'BCOULBHEXT  DAMS  LB  CANAL  ■ 


3.1  -  Repartition  de  preaalon  A  la  parol  - 


Dana  c«  qul  va  eoivre,  nous  dAeignerone  par  A  la  parol  latAral  du  canal  aituAe  A  gauche  pour  un 
obtervateur  place  face  au  vent.  Celle  face,  coane  le  eontre  la  figure  2,  contienc  le  aosnet  le  plus  en 
aval  de  la  boaae.  L'auere  parol  lacArale  aera  appelAe  B. 


ConaldArona,  en  prealer  lieu,  lea  rApartltiona  de  preaalon  relevAea  aur  lea  paroia  haute  et  bacae 
de  la  veine.  Afin  d'Atre  plua  parlanta,  lea  rAaultata  nont  prAaentAs  en  noabre  de  Huch  "parietal"  Mr, 
,  tip  ae  dAdulaant  du  rapport  par  la  relation  de  detente  iacntroplque  (horala  lea  caa  de 
dAcolleaent  trSa  Atendua,  tip  a^ldentifie  pratiqutaent  avec  le  noabre  de  Mach  A  la  frontiAre  de  la 
couche  Unite). 


La  figure  6  prduente  lea  rApartltiona  longitudlnalea  pour  S  poaitiona  en  envergure.  Le 
caractAre  forteaent  tridiaenaionnal  de  l'Acouleaaat  apparait  iaaAdiateaeut  A  la  vue  de  cea  courbea. 

Exaal.tona  d'abord  lea  rApartltiona  aur  la  boaae  (Fig. 6a).  A  l'aaont  (A  X  -  2001m,  par  exeaple), 
l'Aragcaent  dea  courbea  rtiulte  directement  de  la  gAoaAtrle  du  canal.  L'Acouleaent  eat  aolnn  raplde 
prAa  de  la  face  A  (qu_,  rappelona  le,  contlsnt  l'origine  de  l'axe  cranaveraat  Y)  qu'll  ne  1'eat  1 
proxlaitA  de  la  Cnee  B,  le  aoancr  du  la  boaan  Atant  en  effet  plua  reculA  en  A  qu'en  B.  Lee  noabrea  de 
Mach  lea  plua  A  evAa  gout  aetelnte  dane  1c  centre  du  canal  oil  le  aaxlnua  de  tip  eat  volalna  de  2,1. 
LacArdenenc  qurnd  on  tend  vera  A  ou  B,  Hp  diairce  rapldeaent,  lee  aaxiaa  iocaux  a'Atagexnt  entre  1,45 
et  1,70,  11  cat  1  no-.et  qua,  exceptA  dene  V  Jilleu  du  canal,  lea  recoapruaaione,  en  aval  du  nexlaun 
de  ,  na  tradulaent  pea  l'exlstence  dun  choc,  aala  au  contraire  aont  progresolvee,  Avolutlon 
Jaaale  obaorvAe  on  Acouleoent  btdlaonal  .  nel.  De  tallea  tendancea  tradulaent  l'exiatence  de 
dAcolleaenta  crldiuonelonncla  sarquA8  par  un  Ataleaent  dea  coapreaalona.  Plua  en  aval,  le  noabre  de 
Mach  continue  A  ddcrotcre  lontewnt  Juequ'A  dee  valeur  prochee  de  1'unltA. 


Sur  parol  eupArleura  (volt  Ftg.ob),  on  oba4rve  dee  phAnoaAnee  analoguea.  Le  noabre  de  Hach 
aaKlaa.'.  f4  1,42)  eet  obeervA  oana  U  tranche  V  "  45aa.  Toutefoie,  contrelreaent  A  ee  qut  ae  plane 
aur  la  ae,  exieteuce  rt'une  onde  sa  choc,  occupent  la  plua  grande  panic  de  l*env«rgure  du  canal, 
ear  lei  ela.raaent  dicelable.  Seule  la  repartition  A  Y  •  13aa  a  una  allure  netteaent  dtffArente, 
certelneaeut  en  ration  de  le  prAaence  du  groa  dAcolleaent  qul  c«  foraa  au  raccord  autre  la  face  A  et 
la  parol  aupArlaure,  coaao  le  atttent  en  Avldencc  lea  vlauellaatloni  parlAtelea  analyiAea  plua  baa 
(voir  13,2).  Lea  flguree  7a  et  7b  donnent  dea  raprAaintatlona  er  perapectlvc  qul  peraettent  de  aieux 
vteualiaer  lee  rApartltiona  de  aur  lea  parole  InfArlaurea  et  aupArleures.  On  obaerve  blen,  pour 
lea  deux  parole,  le  aurviteeee  au  votalnege  de  Y  •  4  San  qul  eubalatt  d'alllnura  en  aval  du  choc  ufl 
die  eet  vreiaeablableaent  due  A  la  formation  d'un  tourbtllon  vtgoureux  (voir  tl.3).  ggaleaent,  le 
caractAre  quael  bloleteneionnel  de  le  distribution  de  pceaelon  partAtale  aur  one  bonnt  partle  de  le 
parol  aupirleure  apparait  netteaent. 

Lea  rApartltiona  da  preaalon  renielgnent  aaaea  peu  aur  la  atruclure  do  1‘Acouleaent.  Hormla  dea 
attuatlona  (lagrantaa,  an  trlilictoeionnel ,  11  tec  pratlqueaem  lapoaalbla  de  conelure,  A  partle  d* 
leur  aeul  exaaen,  aur  rex’atcnce  ou  non  de  dAcolleaent e.  Pour  eela,  11  faut  fairs  appel  A  une  Atude 
de  le  etrueture  de  I'gcttilaaeat  parlital. 

3.2  -  Propel  A  Ke  de  l'AcouleueotperlAtal  - 


Lap  apeetraa  parlAtaux  phtanuj  par  vndult  vlaquaox  const tluart  une  aide  prAcleuae  et 

quaal-lMtepenaatl*  A  le  coeptAhtfialoo  pHyelque  dea  Acuulaaentu  trldlmeRalnnivela,  aurtout  loraqoe  dea 
dAtoUeoeata  ae  ptccfulaeat.  Up  tracaa  d'eAduU  ohaervtea  peuveat  en  effet  dire  eaaiallAee,  avec  un 
bon  degrd  de  conflanct,  eua  llgnea  de  euutwt  pasldtalaa  de  I'Acouleaen*.  riel.  De  celled  llgnea  aunt 
ddftnle*  coaaae  la  Hmlte,  quend  te  dlataace  A  la  parol  tend  vara  sAco,  dea  Ugnee  de  courant  et  ellaa 
e'ldentlflent  ever  lee  ltgoea  de  frottaoent  qul  aoo7  lea  Ugnea  da  (arte  du  cheap  de  vectear* 
canetl.tat  par  le  frottaoent  pariKaTI  E’eat  1‘exema#  attend!  de  U  topologle  dea  Ugnea  de 
frottemvM,  et  plue  epActuleaent  1'obaervatlon  de*  polnte  atnguller*  (loyefv,  noeuda,  cola)  tdvAUa 
per  leaf  rtaaeu,  qui  petnei  le  plua  eOtwdni  da  diftn.tr  le  concept  da  dtedlenenc  *au  aieux  de 
adparatlon-  en  AcouUaeat  trldlaetulunue)  od  cette  codas  eat  lota  d'ttre  auaal  cleire  qu'«« 
bldlaeoatunnel. 


L'tsterpritetlca  dea  apestrea  pirlAta.ua  a'tppule  aur  I'enslyee  dc  ttWiXO**  (21.30)  InaplcAe 
dea  travaua  id  fTJKGASM  out  le*  aingulerltAa du*  eyetinee  i*dqu*tla«t  different lellae  (31)  (voir 
auail  UtimfSLL  (321). 

gtppden*  tel ,  'do.oast ,  qua  dene  1*  rdaeau  dea  Ugnea  dc*coutant  parlAtelea,  no  met  an 
evidence  1'exletent*  H  ptdnte  atqguHeP*  1  Adda  00  lea  venture  fret.te.eaat  at  tourbl lion  a'atuwlaat. 
Parol  cea  puma,  II  faut  dl*titup»r  (voir  achgawa  «i-d«q*oue)  t- 

i  -  lea  hijeda  (d'afutbrnebt  au  4e  dparetlao)  Ad  toutaa  U*  Ugnea  da  fiat tenant,  aeuf  une,  noet 
tergehtee  A  one  dttedtUo  cnfjrv: 


Its  tsjajrft  ud  11  n'exlete  paa  da  tenant# 
a'eavuuianr  auteur  U  ce  petal  ) 


i  une  iuflnlti  da  ligana  de  ceufnt 


.111  -  lea  cgjLa  par  oi  peaaaat  eauleannc  deux  itghea  gc  irottnut  parlital  c  toutaa  l.aa  auttaa  tlgaea 
,  dvltanO.a  point  alnguliat  en  a'lncuruaar  pour  «Mm*  U  diractlop  d*  l'uae,  ou  da  1 'autre,  de 
cea  diradtloog  partlculltcaa. 
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Point*  alngullera  d'un  fcouleaant  parietal 


Ou  «*t 

un*  llgne 
d* 11 nit loo 
parietn’.e* 

Jamal*  1* 

(321. 


auaulf.e  awn?  1  lncroauir*  le  concept  fondamental  dt  llgne  de  teparatlon  tS)  come  item, 
de  frotteaent  peasant  pat  un  col.  Un*  telle  llgne,  qui  joue  un  rSle  eaaantlel  dan*  la 
du  ddcolleeent  en  dcoulement  trldlaenalonnel,  a  en  effet  la  propriety  de  odparer  lea  llgne* 
ea  deux  families  de  telle  ftqon  que  ce*  lignea  tendent  g  e'en  rapprocher  inddfinlaent  aana 
traveraet  nl  avoir  de  contact  avec  elle  (pour  plu*  ample  information,  voir  (30)  et 


Ce*  element*  voat  nou*  aervlr  1  interpreter  ratlonnelleaent  le*  vleualieationa  parlitalee  aur  le* 
quatre  face*  du  canal  dont  le*  figure*  8*  1  8d  aontrent  dee  photographic*,  Dana  la  discussion  de  cee 
rdaultata,  noua  consldircrona  dgalemanc  lac  echiaaa  dciainfa  Pig. 9.  Ill  reptdcentent  certains*  lignea 
de  frotteacne  parietal  alnal  qua  lee  point*  elngulier*  du  epectre.  lie  ont  ete  etahlla  d'aprea  lea 
photographies  et  ur.  axemen  direct  des  vitoaliaatlor.a  eu  cour*  d'aaael  qul  rdvilc  doa  detail*  et  de* 
Indication*  (aana  da  reflux  de  l'dcoulement  parietal,  par  exaapla)  perdu*  aprfia  1*  prlae  de  vne,  Lee 
schemas,  blen  qu'ayaut  aurtout  valaur  qualitative,  respeotent  ndanmoin*  aenolhlemant  la*  proportion* 
de  1*  rgallte. 

L'examen  de  l'ecoulemect  aur  la  boas*  (voir  Figs. 8*  et  8a)  aontre,  en  premier  lieu,  1'exlatence 
de  deux  foyer*  FI  at  F2  blen  visible*  dam  la  mol  tie  gauche  du  canal.  La  llgne  d*  afparatlon  (SI), 
peaeant  par  la  col  Cl  at  a'anroulant  autour  da  FI  et  F2,  conatitua  una  "barrier*"  attue* 
approxiaetlveaent  au  plad  da  l'onde  da  choc  oblique  qul  a*  propage  dan*  1'ecoulamant  axterlaur  (voir 
if.)  plus  baa). 

la*  Ugoa*  da  frottaacnt,  venant  da  l'amont  at  contenue*  dan*  la  domeina  Unite  par  la  llgne  de 
*ep*r*tlon  (31)  paaaast  par  le  col  C2,  vont  s'enrouler  autour,  aoit  da  pi,  aolt  da  P2,  salon  qu'alle* 
aont  alludes  d'un  cOte  ou  de  1’autr*  d*  1*  llgne  d*  separation  (Si)  qui  pare*  t  la  fola  par  Cl  at 
C2.  Una  parti*  da  caa  lignas  concouroent  la  barrier*  (SI)  an  e'lncurvant  bruequamant. 

La  etructur*  cocatlcuf*  da  (SI),  (S2)  et  dee  deux  foyers  Pi  et  P2  set  claatlquameot  observe*  dens 
lea  imcarectlona  ch-re-teuche  limit*  en  team)  eveo  effet  trtdimeuionoal  11), Ml. 

Dan*  ur*  t*U*  situation,  (SI)  paut  It  re  aaaocld*  sane  ombiguitf  I  on  ddccUament  blen 
caractdrtae,  I'Pcoulament  au  voiatnaga  laaddlac  dt  (SI)  "qulttoat"  1*  parol  salon  1*  rCeacism#  dfcrlt 
par  UUKTHILL  I)}).  Da  ton  rOt*.  1*  Ugnr  de  separation  (S2)  eat,  all*,  unt  llgn*  d'attaebament 
-ou  da  racollamcnt-  ea  c«  tana  qu'un  pau  avdattua  da  ($2)  la  fluid*  axttrlrur  “plongt"  an  direction 
da  la  parol,  final,  Cl  at  £2  toot  raapactlvaaant  da*  cola  da  dicolltaant  at  d’atctchamant.  Catta  breva 
dlacueaion  mat  bltn  1 'actant  aur  U  distinction  qu'tl  cooviaot  da  fair*  antra  llgn*  da  separation  at 
llgn*  da  ddcol lament, 

L'anroulamant  autour  dt  foyer*,  t*l*  qua  PI  ou  P2,  eat  la  trie*  aur  la  parol  d'un  tour billon 
a'lchappaat  dan*  1'ecoulamant  axterlaur.  Us*  llgtw  da  separation  tat,  *11*.  la  tract  d'un*  aurfact  da 
separation  *ut  cuppa  dt  dfcollamaM*  qui  a'axroul*  autour  du  centra  da  la  structure  tourbllloiualrv. 

P* venae t  au  tcMm*  da  la  figurt  Ob,  eu  obaatva  qua  laa  ligaaa  da  (rottaaaat  as  provanaaco  dm 
l'amont  ea  partagtat  an  da  us  families. 

Laa  umaa,  prochas  d*  la  fact  i  a'Scculoet  cosUouamaet  da  I'soomt  vara  1‘aval. 

Laa  totraa,  volalme#  da  f,  ct  *2 parent  |  l«ur  tour  as  dmua  tout -ease at  1st  t 

-  call**  comprise*  tatrt  (»2)  at  U  Ugaa  da  separation  (Sf),  aboutlaaamt  au  da«l-uoi  C),  coetlouant 
leur  chtnlft  vmta  l'aval, 

-  call**  allude*  aatra  f  at  (Sf)  vent  a'anroular  autour  d'un  trolallma  foyar  »)  poor  former  ua 
•toufMllom*  delimit 4  par  la  ligtx.*  db  aepaiftln.  (si)  ittua  du  dami-col  Cf. 

ComalddroM  maistarumt  la  fata  A  (voir  ilfi.lk  at  tb>  aur  laqmalla  la  attuctur*  da  1'ecoulamtmi 
parlltal  aat  putlailliivaMI  complex*,  final ,  «hi  dlatlrgvw*  mu  ditficultd  la  ligaa  u  aepaiatlea 
(31)  aaaoclt*  aa  large  dfcoUnatet  aa  fornaat  aur  f.  La  ligaa  (Sf)  aat  ittua  d«  daml-ccl  C), 
gdnePcritwMt  taafeadu  ayac  Cf  ft  fnramot  ivm  ea  denier  aa  col  wpiit,  (14)  vi  t'aatoular  autour 
du  lopar  Vd  tltud  pti*  da  la  parol  oupdrloura.  Data  tattd  c-omf  lguratloa,  ( outer  tat  ligaaa  da 
frattrmen*.  Must  dr  l'aoont  e'taroultat  autour  da  H  pour  caaatltuer  la  graaaa  attuctur*  apirtia  bit* 
vialbla  aur  la  pbatograpUa  do  la  flguta  tb.  La  paring*  aatra  laa  ligaaa  *a  provaeaaco  da  l*i»en  e. 
tollda  “aemlfaa"  pa*  la  tourblllou  aat  raa  rf  par  la  ligaa  da  adparaUua  (I Ip  Uaua  du  deal -col  C*. 
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Tout  l'icouleaent  aaont  "disparsissant"  dans  le  Coyer  F4,  le  cturap  aval  dolt  *tre  aliment!  par 
up  ou  plusicure  noeuda.  Dan*  le  cat  present,  on  aet  alnal  en  evidence  le  noeud  Hi,  oi cue  de  la 

parol  Infgrieure,  et  le  deai-noeud  N2  dana  le  coin  entre  A  et  la  parol  aupirl-.ure.  11  s'ltablit  alotb 
en  aval  de  (S6)  une  structure  extrimaent  coeplexe  dont  le  deaaln  requite  d'obaervationa  trie 
attentive!  et  d'une  interpretation  se  guldant  aur  dea  rigles  topologiques.  Nous  ne  dlcrlrona  pas 
l'Ccoulenent  reprSeentg  en  detail,  ce  qui  sareit  fascldieux,  Hentionnona  alapleaent,  en  plus  dea 
noeuda  Ml  et  N2  ; 

-  lea  deux  foyera  F5  et  F6  s 

-  lea  cola  C7,  C8  at  CIO  ; 

-  le  deai-col  C9  aur  la  parol  inferleure. 

L'icouleaent  coaporte  un  grand  noabre  de  lignes  de  aeparatlon  (repreaentgea  en  trait  renforeg  aur 
le  deaaln)  que  noua  ne  repgrerona  pas  spgclaleaant,  Dlatinguons  quand  raise  les  lignes  (S8)  et  (39) 
qul  agparent  l'icouleaent  allant  vera  l'aval  de  celul  refluent  vers  I'anont  pour  "dlaparaltre"  dana 
lea  foyera  F4,  F5  et  F6. 

L'axaaen  ae  pourault  par  la  consideration  de  l'icouleaent  aur  la  parol  supgrleure  (voir  Figs. 8c 
et  9c).  En  leant  cette  foia  encore  plus  beef,  noua  dlatinguons  lcl  i 

-  3  foyera  t  F7,  F8  et  F9  i 

-  3  cole  :  CU,  C12  et  C13  i 

-  2  deal-cols  t  CU  et  CIS  ; 

-  2  deei-noeuds  r  N3  e ~  h4, 

eat  t  noter  que  CIS  et  N4  sont  4  aasocier  respectivenent  avec  C6  et  N2  pour  constituer  un  col 
et  un  noeud  conplets.  La  llgne  de  separation  (S10)  paaaant  par  CU,  dont  une  branche  a'enroule  autour 
ue  FT  et  1'autre  autour  da  FS,  correspond  au  dicollemnt  lndult  par  le  choc  quasi -normal  que  l'on 
observe,  dana  la  aoltil  supgrleure  du  canal,  aur  It  plus  grande  parcie  de  l'envergure  (voir  lea 

repartitions  de  pr-  alon  de  la  figure  7  et  let  courbea  lao-Mach  de  Is  figure  11).  La  structure 

alloagfe,  otg-nlaie  autour  do  F9,  eat  4  nettre  en  correapondanco  avec  le  groa  "tourblllon"  observe  aur 
la  '  ce  A,  dent  aa  parti-  haute.  Le  foyer  F8  eat  rliaentl  A  la  foie  par  dee  lignes  de  frottenent 
venant  da  l'aaont  et  dea  11- -ei  iaauea  du  deal-noruu  M3.  D'une  aanlire  analogue,  F9  retoll  une  pertle 
de  eon  ellmatatlon  du  deal--jvud  N4. 

En(  i,  lea  figures  8d  et  9!  taoncrent  l’gcouleaent  aur  la  face  latgrale  I.  lei,  la  structure  du 
epictre  parietal  eat  aenaiblasent  plus  staple.  Ou  dlatingue,  prlnclpaloaent,  la  llgne  da  alpar  tion 
(312),  passant  par  la  c,.l  CIA,  qul  sipere  las  lignaa  da  frotteaent  s'enroulant  autour  du  foyer  F10  de 
crllea  pour.ul/aur  laur  obtain  ven  l'evel,  F10  eat  auaat  allaenti  par  dea  llgnea  nalaaant  au 
daal-noaud  MS.  La  llgna  du  «4i  ration  (313)  fait  la  dtaarcnlon  entra  la  fluida  parietal  vanu  de 
l'aaont  et  crlui  laiu  ua  H5.  Una  das  branches  ft  (S13)  a'enroula  autour  de  P10  en  nfsse  teepe  que 
llgne  de  separation  <JW)  venant  du  deet-col  Cl7, 

Munleeant  lee  deel-noe'idt  et  lee  dcal-cole  un  cnrreapondance,  et  etchant  qu'un  foyer  eet 

topnloglqueecnt  equivalent  I  w  n*.ud,  le  ditto ebreaenc  de  tout  lee  polnte  elngultere  reprleeute* 

conduit  e  it  relation  t 

y_ noeuda  -  £.ccle  •  13  -  13  ■*  0 

qul  dolt  itre  eat ‘afrit*  per  lee  etngu'.erttie  repart  ee  eur  une  telle  eurfece. 

3.1  -  Structure  du  chatr  .-atirleur  noyen  - 

Le  voluste  explore  au  viloclairr*  later  i  trnli  coepoeentee  e-t  ruprissntl  eur  U  figure  4.  11 
couvre  eoute  1*  hauteur  de  le  v.:ine  et  a'ltet  de  X  -  230  A  X  *  .90m,  c'eit-i  mcluc  la  region 
d'lnterattion  forte.  Lea  ntplorstloov  oot  ,  exieutis*  ee'on  das  ll^nae  vet  v.  .,  aapaciaa  en  X  de 

10m,  et  contenuee  dene  S  plane  longitudinal  da  coordenniet  Y  •  30.  4S  vO,  7S  »e  90m.  Aim  1 ,  eeula 
la  pertle  cantrale  de  I'icoultmnt,  eur  urn.  t.  glut  represented  la  eoltii  de  l'envergure  du  caul,  a 
pu  Itrt  aondit ,  Ln  effat,  11  a'eat  evirl  lepoaatbla  d'sffvttusr  dea  Mturee  i  ttolnt  da  30m  dea 
perot*  lacfTalts,  lea  phstoaultlplUatsota  4t*o>  tlora  iblouls  par  las  riflaxlsn*  aur  let  glecaa.  ,u 
total,  lee  ichantlllsu  de  2  000  vuleure  lu  veceour  vlteaee  Inetantenl  nut  Itt  prilevie  en  b  0  -0 
polnte  environ. 

Lea  flguree  10a  •  lOe  aontrest  une  tprissntatlon  du  chanp  aout  form  de  trade  de  projections  -Ju 
vecieur  vtteeeo  ecyctne  dtu  les  S  plane  Icogltudluaux  Yt,  L'cuaac  de  cee  reaulteie  set  en  evidence 
lee  car acdrlet (quae  auUaatea 

Deni  la  partle  aeont  du  dotaalne,  I'iceulamnt  .uperaonlque  a'acdlira,  an  atea  teapa  qua  la 
section  du  canal  a'agrandlt,  la  vltaasa  leant  plus  grande  pris  da  la  botae  ;  ca  qul  „et  norsal  an 
vartu  de  I’affat  da  courbure.  U  concha  list#,  dont  I'lpalaseur  eat  volalna  de  4*.,  eet  difficile  1 
mitre  en  tvldtMe,  la  viloelolu*  ne  donnsat  pea  de  auras  significative*  4  toe  dlttaoca  d'une  parol 
tnldrleure  1  1,3m,  en  epproche  cergeatielle. 

Partial  du  plan  Y  ■  30m  (le  plus  ,-toche  ds  la  (tee  A)  et  en  conatdirant  ce  qul  ae  passe  prla  de 
la  boete,  no  observe,  4  panic  da  it  *  240w,  ua  to  l  ipaluUtamnt  da  la  concha  Halt*  dont  lea 
profile  aoet  tela  crt-aii  juaqu'4  XU  310m  (voir  Pig.lPa).  Ce  coaportemnt  eet  4  mure  an  relation 
avec  le  tpecUf  perlite!  deastal  ftg.ds,  On  y  volt  qua  la  plan  Y  *  30oe  treveree  la  ton*  di'ollle 
emprise  cotta  Ua  U«ma  de  etptvat'.so  (SI)  at  (S2).  la  aval,  lea  profit*  au  rsaplitaant  repldnwat, 
U  concha  dlaalpetlve  raativt  tree  tpaitm. 

La  tendaaca  eet  acceotuie  dene  le  plan  Y  •  45m  (voir  Pig.  10k)  nO  4  X  *  2P0m,  la  diatrlkutlon  de 
vUeaae  coaporte,  tr4a  prla  de  U  parol,  uaa  con#  4a  reflux,  la  fait,  ca  plan  traverse  le  ddcoUemat 
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don*  1*  parti*  oil  11  tat  1*  pitta  itandu,  c'aat-i-dlra  antra  laa  colt  Cl  at  C2.  Pour  7  •  oOma  (voir 
Fig.  10c),  laa  prollla  aont  aattaacnt  aolna  d.lforala,  la  plan  paaaant  pr|*  du  bord  axtlriaur  du 
tourbillon  cantrl  aur  F2.  SI  pour  Y  -  45  at  30m,  os  n'obaarv*  paa  da  raflux,  aalgri  la  direction 
pritt  par  laa  llgsat  da  coarant  pariltala*  antra  (SI)  at  (S2)t  c'aat  qua  la  courant  da  ratour  at  trop 
■Inca  pour  pouvolr  ttra  dltacti  par  l'apparalllaga  utiliaS. 

II  aat  I  notar  qu'ati  bldlaasaionnal,  pour  laa  alaca  noabraa  da  Mach  avant  choc  qua  caux 
rancontrl*  lei,  11  ta  foraarait  un  courant  da  ratour  baaucoup  plua  fort  qua  l'on  ditactaralt  aialmant 
(19).  Catta  difference  da  coaportaaant  fondaaantala  provlant  du  fait,  qu'an  tridiaaneioimal, 
l'lcoulamnt  a  la  potalbllltf  da  Hfulr"  latfralaaant  d'ofl  la  plua  aouvant  un  italaaant  at  un 
affalblitaaaact  daa  Interaction*. 

La*  plant  altuft  1  Y  -  75  at  90oa  (voir  Flgt.lOd  at  10a)  paaaant  au  dell  da  (SI)  *1  blan  qua 

l'lpaiaaiaaaaant  da  It  couche  Halt*  aat  aaintanant  aodetta,  £n  ■(■*  taapa,  1'lntanaitS  du  choc  tend 
4  dialnuar,  com*  It  aontrant  la*  dittrlbutiont  du  noabr*  dt  Mach  N^(voir  Fig*. 6*  at  7a). 

Prla  da  la  parol  tupdriaura,  lot  chaapt  da  vactaurt  atttant  an  Ividanca  un  phlnoalna  alallalra 
done  1'orlgina  aat  plua  an  aval  an  raiaon  da  la  potitlon  plua  raculia  da  l'onda  da  choc  (voir  Flga.6b 
at  7b).  Sa  raportant  au  achln*  da  la  figure  9c,  on  volt  qua  la  plan  Y  ■  30aa  (Fig. 10a)  travaraa  una 
rlglon,  coapriae  antra  laa  lignaa  da  alparation  (S10)  at  (Sll)  oil  l'lcoulamnt  aat  fortaaant  ralantl 
■ana  qu'il  y  ale  foraation  d'un  tourbillon.  En  ta  rapprochant  du  plan  aldlan  du  canal  (Y  ■  45m  pula  Y 
-  60m,  voir  Flga.lOb  at  10c),  laa  exploration*  plnitrant  dana  la  rlglon  da  fort*  inearactlon  od  nait 
la  tourbillon  intana*  cantrl  auteur  du  foytr  F7.  La*  profile  da  vltaata  aont  alora  trda  Ividla,  una 
tone  da  raflux  Itant  aaintanant  clalraaant  ditcctla  tux  abaclaaaa  X  *  330  at  360m  dan*  1*  plan  Y  • 
60aa.  Encore  plu*  loin  dt  1*  fact  A,  pour  Y  *  75  at  90m,  la  courant  da  ratour  diaparatt,  acta  la 
deformation  da*  prof.' la  tat  tncora  axtrlataant  prononct*  an  raiaon  da  la  proxlaitl  du  grand 
dlcollamnt  organic!  tutour  da  F9. 

La  teructur*  da  l'icoulaoant  da  fluid*  parfait,  axtlriaur  aux  couch**  ditaipatlvaa,  aat  ala*  an 
evidence  par  la*  tracla  da  lignaa  iao-Haeh  prfaantl*  Flga.U*  l  11*. 

Pour  la*  5  plana  conaidfrla,  on  obaarva  nateaaanc  una  atructur*  da  choc*  an  lambda  comportant,  un 
choc  da  ette  oblique  (  ),  un  choc  quaai-noraal  Intana*  (  £  ),  occupant  I  pau  prta  la  mol  til  du 

canal,  la  pled  du  laabda  (  P*  ),  trie  p*u  intana*,  Itant  4  pain*  dlacarnabla  (l'lpaiaaiaaaaant  daa 
choca  (  U  )  ate  ctual  par  1*  loglclal  da  tried  daa  courbaa  iao  qui  Interpol*  linlalramnt  antra  lie 
point*  da  meturaa,  let  trap  atpadi  an  X  pour  "capturar"  convanablamant  laa  dltconclnulela  orlanelaa 
■alon  OZ),  La  choc  oblique  (  t*  )  aat  blan  aa.-qul  dent  lea  plana  Y  •  30  ,  43  at  60m.  A  Y  -  90m,  11 
t'aat  conaldfrtblaaane  affslblt  at  atabl*  Itr*  ramplacf  par  una  coapraaaion  continue,  c*  qua 
conflrmne  la*  maurta  I  It  parol  (voir  Fig*. 6*  at  Ft).  11  aat  I  notar  qua  la  potitlon  *o  X  daa  plada 
daa  ondaa  da  choc  -(!*  )  auaal  blan  qua  (T*  )-  na  varl*  pratlquamnt  paa  d'un  plan  Y  I  1'autra,  c*  qul 
montrt  qua  cat  choca  tone  pau  inclinfa  par  rapport  2  It  vltaaa*  I  l'antrl*  du  canal.  11  aaralt  blan 
■Or  trla  Inatructlf  da  fair*  da*  manure*  plu*  prll  daa  parol*  latlralta  da  manllr*  1  prlciaar  1* 
atructur*  da*  choca  dan*  laa  coin*. 

La*  flgurat  12a  t  12c  raprlaaneant  laa  projection*  da*  vactaurt  vita****  dana  daa  plana 
trantvaraaux  ZY  (notar  qua  l'lchall*  daa  vactaurt  aat  plu*  grand*  qua  pour  1*  trad  du  champ 
longitudinal  dana  la*  plana  ZX). 

La  pranlar  rlaultat  (voir  Fig.  12a)  aat  raiatif  au  plan  aieul  I  X  •  260m,  Q'att-l-dlrt  qu'il 
corratpond  mu  champ  da*  vletaatt  laaldlattmtae  an  amont  du  ayatiaa  da  choc*.  O'una  aaullra  glnlrala,  1 
catta  ataeioo,  aou*  1'tfftt  dt  1*  boa**  l'leoulamant  trtntvaraal  a*  fait  da  la  fee*  A  vara  1*  fact  I 
at  prlaane*  un*  compoaant*  plongaanta,  Egalamne,  cn  obaarva  qua  1*  coapotane*  da  vie****  tract  vara* 
aat  baaucoup  plua  taportant*  prla  da  It  boat*  qua  daa*  1*  ion*  titan*  du  cheap. 

A  porelr  dt  X  *  2SOm  (voir  Fif.tfb),  il  H  produie  un  changtatnc  iaporttnt  dana  1*  atructur*  du 
chtap  crtntvtrttl  *u  volainog*  dt  la  boat*  an  raiaon  da  l'lnlluanc*  da  l'onda  da  choc.  Ainal,  pour  laa 
exploration*  I  Y  •  75  at  90m  (1*1  plua  proehtt  da  la  fat*  I)  l'icoulaoant,  HI*  da  la  parol  at  au 
dtaaoua  d'un*  ditcoatlmile!  qul  aat  aanlfaaeaaaut  la  tract  da  l'onda  da  choc  U  ,  tend  I  changer  da 
tana  at  I  at  fair*  da  I  vara  A.  C*  coaporetmnt  t'accantu*  au  fur  *e  I  rnaura  qua  l'on  a'llolgn*  vara 
l'tval,  com*  1*  aontra  1*  (lgur*  12*  relative  au  plan  aieul  IX"  320m,  La  raflux  da  1  vara  A  a* 
fait  aaintanant  ttatlr  auaal  pour  i'axpleration  altula  1  Y  •  45m,  aur  un*  diaetnet  trla  court*  au 
voUlntg*  imldltt  da  la  ptroi.  In  ran  vane  ha,  pour  Y  *  30m,  l'icoulaoant  a*  fait  toujour*  da  A  vara 
I.  On  dlatingua  Igalamue  1*  patatgt  da  i'ondt  da  choc  (ft  )  qul  intaraact*  laa  queer*  1  Ignat 
d'axploratlon  Y  •  15,  10,  73  at  90m.  Pour  X  •  350m  (voir  Fig. 13d),  la  cheap  da  vita***  axtlriaur  at 
coaeitnc  plu*  da  diacoaeinuiel,  1*  plan  Yt  contldlrl  a*  altuant  an  aval  du  nyittna  da  choc*  (  )* 

(  )>  La  aouvaaant  da  rotation,  prla  4*  1*  boat*,  *'**t  amplifll  «i  blan  qu'il  affaett  aalnttaant  1* 

llg  »a  Y  •  30m,  Us  pMnoaloa  analogue  h  dlvaloppa  dana  la  voiaiuga  da  la  parol  auplrlaur*  o0«  pour  Y 
•  7}  ae  90m,  I'lcoulamnc  trla  prla  da  la  aurfac*  a*  fait  da  I  vara  A. 

Laa  ado* a  caractlriatiquaa,  mala  itcantulca,  aoat  vltlblat  dana  la  plat  la  plu*  aval,  tltud  I  X 
»  390m  (voir  Pig, lit).  Slaultanlaaat,  on  aatlatt  I  un*  diminution  glnlrala  da  l'aaplltuda  d*  I* 
compotoae*  erinavaraale,  aurtout  dana  la  parti*  caatrtlt  du  chmop  at  daaa  laa  rlglon*  la*  plu*  prochaa 
da  1*  lac*  I,  Catta  tandanc*  tradult  1'allgmaaaat  dt  l'on at mbit  da  l'lcoulaaaat  oaloa  l'ax* 
longitudinal  du  canal  dont  1*  taction  tat  radtvaou*  eooattnt*. 

Let  flguraa  U*  I  IJh  aontrant  dt*  eracd*  da*  llgaat  d'lgal*  valour  du  aodul*  dt  U  coapoonat*  da 
la  vltaaa*  dan*  da*  plena  trootvarttux  Yl.  la  anent  do*  oodat  da  choc  (plan  IE*  210m,  Fl|.13a)  la* 
eoutb**  oat  urn  allure  tlgulUtt  qul  tradult  1*  ditaatt  dan*  la  partia  dlvargoatt  du  canal.  La* 
•ration*  X  •  210  at  iPOaa  (Ptga.lJb  at  lie)  neat  Junta  an  aval  du  plod  du  choc  obllqu*  (  fj  )  dont  on 
dlatingua  parfti tenant  1*  tract  din*  1*  cheap  da*  lignaa  (to.  ta  adna  tdtp*,  prla  da  In  pare!,  on 
volt  ta  forme  un*  atructur*,  coaatitul*  dt  couch**  fatal**,  cuttatpoodtnt  au  dtcoilnaut  provoqul  par 

(  I5)t 
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Ea  allant  vers  l'aval  (Fig*. 13d,  «,  f>,  la  traca  da  (  VI)  a'Alolgne  progreeiivement  da  la  botae. 
A  X  '  330aa  (Flg.l3f),  alia  aat  situAe  un  pau  au  daaaua  du  allleu  du  canal.  Dana  cette  section,  «u 
contact  da  la  parol  supArlaure,  apparalt  un  noyau  coincident  avac  l'orlglne  da  l'lntaractlon 
provoqule  par  la  choc  <  tl  ).  Encore  plua  loin,  pour  X  »  340  at  390am  (Flga.l3g  at  13h),  le  plan  paaaa 
an  aval  daa  choca.  Las  deux  structurea  aseoclAea  aux  largaa  ddcollamanta  aont  partleullArenent  blan 
vlalblea. 

Una  exploitation  plua  poueeAe  da  caa  rdaultata,  an  vue  d'una  part  da  aattra  an  dvldanca  la 
structure  daa  paeudo  llgnes  da  courant  assocldes  au  aouveaant  tranavaraal  at  d'autre  part  d'Atablir  la 
coutlnultd  avac  las  spectres  parldtaux,  ndcasaitara  daa  assures  coepldaentaires,  plua  prda  daa  paroia 
lstdrales,  at  salon  das  llgnes  ¥  plus  rapprochdaa. 

4  -  CONCLUSION  - 

L'dcoulesent  rdeultant  d'una  Interaction  onde  da  choc-couche  Holts  turbulanta  ae  produlaant  dans 
un  canal  tranesonlque  da  gdoadtrla  trldlaanalonnella  a  dtd  quallflA  da  maniire  ddtaillde  au  aoyan  da 
assures  da  praaalon  1  la  parol,  da  visualisations  parldtalea  par  eodult  vlaquaux  at  da  aondagaa  da 
cheap  par  vdlocladtrla  laser  1  troia  coapoaantaa. 

Las  apactraa  parldtaux,  ralavda  aur  lea  quads  faces  du  canal,  rdvdlent  una  structure 
axtrdaacant  coaplaxe  caractdrlada  par  l'existence  da  noabrauaaa  llgnes  da  adparatlon  at  da  plualeura 
foyers,  traces  aur  la  parol  da  tpurblllona  s'dchappant  dans  l'dcoulaoant  extdrleur. 

Lea  aondagaa  au  vdloclodtra  laser  aattant  d'abord  an  dvldanca  l'existence  de  choca  constituent  un 
syetiae  an  laabda,  analogue  A  ca  qul  cat  obsarvd  an  bldlasnaionnel.  Toutafola,  de  largaa  dlffdrancaa 
existent  avac  la  caa  plan,  notasawnt  au  volalnage  daa  parols  latdrales  du  canal  od  lea  choca  tendent  4 
dtra  reaplacda  par  daa  coapreaelona  continues.  Las  explorations  contract  anaulta  la  formation  da 
deux  rdgiona  ddcolldea,  1'una  aur  la  parol  tnfdrieure,  l'autre  aur  la  parol  supdrlaure,  done  la 
nalssanca  coincide  avac  las  plada  das  ondea  da  choc.  Caa  aonaa  aont  merquAes  par  un  fort 
dpalaaiaaaaent  de  la  couche  limits  avac  dvldaaent  laportant  daa  profils  da  vltaasa  longltudlnaux. 
Toutefola,  la  destabilisation  cat  molndre  qua  dans  la  caa  bidlmenaionnel,  1'dcouleaant  ayant  lei  la 
poselbllltd  da  a'dcouler  latdralamant,  attdnuant  alnal  l'effec  daa  gradients  da  pression  antagonlatsa. 

Las  prdaanta  aasata  dolvant  permettrent  una  melUawre  coaprdhanalon  phyalquo  daa  interactions 
complexes  as  produlaant  dans  un  canal  transsoniqua  trldimanalonnal.  11a  pauvent  Agalement  aervlr  1  la 
validation  das  codas  da  calcul  rAaolvant  las  Aquations  da  Navlar-Stokaa  au  fourniseent  un  anaambla  da 
dowiAas  aspArimaaealea  blan  documantA. 

NAanmolna,  una  exploitation  plua  pouaaAa  daa  rAaultata  dlaponlblaa  at  dec  matures  complAmantalrea 
S'avArent  nAceaaalraa  pour  as  fairs  una  taage  vralneot  clstra  da  1'Acoulament,  notaaatant  da  son 
organisation  dans  daa  plana  traits verseux. 
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DISCUSSION 


P.HuK'tl«,  Fr 

1 .  A  van  vous  observe  ties  fluctuations  tic  recoulement  dans  le  temps?  (baitemcm  des  otidcs  de  choc,  etc.) 

2.  (.’analyse  Imtutioimuirc  de  rdcoulement  que  vous  nller  faire  votis  per  melt  ra-l-elle  d'uiutlyser  i  la  fois  la  turbulence 
de  r&oukment  ci  les  fluciuatiotis  avec  une  dehalle  de  temps  plus  grande? 

Author's  Reply 

1 .  tin  battemem  dc  I'ondc  tic  «hoc  cst  effectivomcnt  perceptible  dans  les  mesures  efleettuSes,  il  se  traduit  par  un  Idger 
esalement  de  cetle-ci  daisies  risultats  des  mesures.  Toutefois.  cc  phdnotndie  est  it  petite  ichcllc.  il  n'y  a  pas  de 
ph&tomdne  it  grande  ccheUc  (nous  ruppeJons  que  I'cetHilemetH  desire  devuit  etre  statioimaire  dans  un  premier 
temps). 

2.  Hlen  que  Ffcoulemcnt  suit  en  prteipe  sensiblefnent  stutioimaire,  une  analyse  instatioiuuiire  des  signaux  issus  dcs 
capteurs  tk  prexsiun  cst  possible.  11  est  en  outre  probablemcnt  cnvisagcablc  il'etudlcr,  uvee  le  memc  montage.  une 
wnfigur  aliuo  (ruttcliemcii*  imtauowudro,  au  prix  dveuiueJkrueni  de  quclqucs  modifications  it  titudier. 


HJkWeytr,  Nc 

An  important  question  of  accuracy  of  l.UV  is  related  to  the  seed  particles  which  must  follow  tltc  flow  rather  exactly. 
Have  you  proved  that  your  particles  follow  accurately  flic  flow,  particularly  when  crossing  die  sltoek  waves? 

Author’s  Reply 

At  ON  ERA  wo  already  have  long  experiettce  of  U)V  measurements.  So  the  accuracy  of  measurements  and  the 
capability  of  the  panicles  to  follow  tltc  flow  were  tested  many  years  ago.  It  appeared  that  In  the  transonic  domain,  the 
particles  tag  doe  to  the  inertial  effects  is  negligible  even  when  crossing  a  shock.  The  diameter  of  the  particles  used 
{generally  income  suaskc)  is  lew  than  5  pm. 


'.Moore,  US 

<>■  Figure  1 0,  the  velocity  vectors  ate  in  the  channel  directin').  1  did  net  sec  any  reverse  flow.  Was  this  because  there 
'  at  any  or  because  you  could  not  distinguish  back  flow  with  (he  measurement  technique? 

Author's  Rsgty 

It  is  possible  to  distinguish  reverse  flow  with  our  1,1)  V  system  which  is  equipped  with  Biagg  cells.  It  is  not  possible  to 
observe  the  area  of  negative  velocities  on  the  pictures  presented  because  of  tbe  scale  used,  the  negative  vciocitic*  being 
saufl  in  modulus  compared  with  the  other  oucs  and  the  region  of  reversed  flow  very  thin. 


kikPspaUimi,  Or 

This  is  a  very  important  experiment  in  a  domain  where  data  are  kicking.  1  would  tike  to  uk  the  following  questions: 

1.  Was  umtcwltoaa  observed  in  the  experiment  and  how  did  you  cope  with  it? 

2.  How  close  can  you  tneavutc  near  the  solid  wall  and  bow  can  you  circumvent  the  dillfculty  of  measuring  when  the 
sulk)  wall  is  hr.  using  a  ’bump"? 


I 
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3.  How  did  you  choose  your  geometry? 

4.  Can  you  make  any  comments  on  the  accuracy  of  the  measurements? 

Author’s  Reply 

1.  The  aim  oT  the  experiment  was  to  obtain  a  configuration  which  is  as  steady  as  possible.  Actually  we  observed  small 
scale  fluctuations  of  the  shock  location  that  can  hardly  be  avoided  in  such  an  experiment. 

2.  It  was  possible  to  do  measurements  at  a  distance  of  two  millimetres  from  the  wall  in  the  region  of  the  bump  and  1.5 
millimetres  in  the  flat  zone  (downstream).  It  was  necessary  to  modify  the  inclination  of  the  beams  and  the 
orientation  of  the  collecting  optics  for  performing  the  measurements  in  the  vicinity  of  the  bump. 

3.  The  geometry  was  chosen  for  fulfilling  the  two  following  conditions: 

—  to  obtain  a  three  dimensional  flow 

—  this  three  dimensional  flow  had  to  be  obtained  with  a  geometry  as  simple  as  possible,  the  surface  being 
entirely  defined  with  analytical  formulas.  The  smoothness  of  the  surface  must  facilitate  future  calculations  of 
the  flow. 

4.  The  accuracy  of  measurements  of  transonic  flows  with  LDV  was  tested  many  years  ago  at  ONERA  in  2D  cases  by 
comparison  with  other  kinds  of  measurements.  It  was  established  that  the  accuracy  is  better  than  1  %. 
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SHOCK  STRUCTURE  MEASURED  IN  A  TRANSONIC  FAN  USING  LASER  ANEMOHSTRV 


Jerry  R- Wood  end  Anthony  J.  Strftxloor 
National  Aeronautic*  end  Space  Ad*ini*t ration 
Lewie  Re*earch  Center 
Cleveland,  Ohio  *4135,  USA 
and 

P.  Susan  Sieonyi 

Sverdrup  Technology,  Inc.  L  - 

Kiddleburg  Height*,  Ohio  44130,  USA 


_ShooH  structure  measurer, ants  acquired  in  a  low  aspect  ratio  transonio  fan  rotor  ora  presented 
and  analyzed.  The  rotor  aspeot  ratio  is  1.51  and  the  design  tip  relative  Haoh  number  is  1.38. 
The  rotor  floufiald  was  aurvayed  at  near  maximum  sfTioiafteiLind  near  atall  operating  conditions. 

intra-blade  valopity  me aauremsnts  acquired  kith  a  later  filnai) anamomatar  on  blada-to-blada  planes 
n  the  supersonic  ration  from  10  to  to  paroant  apirrVra  praaantad .  The  thraa-dimanaional  shook 
aurfsoa  determined  from  the  velocity  aaaauramanti  is  used  to  determine  the  shook  aurfaoa  normal 
tiaol;  number  in  order  to  properly  calculate  the  ideal  shock  jump  oonditions.  The  ideal  jump 
condition!  are  calculated  based  upon  the  Haoh  numbers  saaaurad  on  a  aurfnpe  of  revolution  and 
based  upon  the  normal  Mach  number  to  indicate,  the  importance  of  accounting  for  ahook  three 
dimensionality  in  turbomaohinary  daaign.  Comparison  of  the  shook  locations  with  those  predicted 
by  a  3D  Euler  code  showed  vary  good  agreement  end  indicated  the  usafulnaee  of  integrating 
computational  and  experimental  work  to  anhanoa  undaratanding  of  the  flow  physios  occurring  in 
transonio  turbomaohinary  paaaagae. 


otor  floufiald  wai 
-blade  valopity  mi 


and  analyzed.  The  rotor  aspeot  rstio  is  1.! 
The  rotor  floufiald  was  survsysd  at  near  max: 

-  ‘  . .ogity  measurements  acquire,  • 

>nip  region  from  10  to  *0 


Intra-blade  valopity  maaauramsnta 
in  the  aupetaonip  region  from  10 
surfmoa  determined  from  the  valo 


nasuremanti  acquired  wi 
'ion  from  10  to  to  par 


INTRODUCTION 


ood  agreement  and  Indicated  the  usefulness  of  integrating 
;o  anhanoa  understanding  of  the  flow  phyaioa  occurring  in 


«>*•  compressor  inlet  stages  feature  low  aspect  ratio,  highly  loaded  rotors 
>_operata_in_tha  transonio  regima.  Jlupli  of  the  total  pressure  rite  whioli  oooura  in  these 

Accurate  models  of  the  paaeage  shook  are  therefore 


•  T  1  f ,  vy* ■  vvwjjui  eooui  line  <. 

whioli  operate  in  the  tronsonio  regime.  Huoli 
rotors  is  due  to  the  rotor  passage  shook, 
required  for  use  in  tna  blade  design  process. 


oooure  in  these 
ok  are  therefore 


Until  recent 


pert  of  a 


ergumante. 


Research  Center  program 
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XS!!XV2?li  With  empirical  .rguiynti'  aJt  fo"h  IriSo.  m.PM!hS%RwS 

di*#naion*l  ahook  and  art  ooaparad  to  thoM  obti 
thi  ihooR  ii  niBiitttvQi  till  Toiulti  indtaatiixnat  ipinuiii  oblioi 
5®  tikon  into  account  in  otoct  to  obtain  aooutota  otidlotioni  tn*  *1 
aaulta  ara  alto  oonviattnt  with  tha  laaar  anaaoMtar  Maiuratanta  uh?oh  lndfi 
I?  jWllk  *  than  ona  would  axpaot  if  one  atvuitts  tnat  tha  ahook  aurxi 


obliquity  of  the  shook  it  neglected,  the  ri 
must  be  taken  into  apoount  in  order  to  ol 
results  are  alio  consistent  with  the  laaar 
strength  la  waskmr  than  one  would  axpaot 
Jtraamaurfaoa.  The  shook  lo 
llnoa  obtained  from  a  nureriosl  oalouiation 
u  two  dimensions!  boundary  layer  code,  the 


d  exilS!1  indiomtm  that  the  ahook 

bssfeunrLxi: 


ot  of  thii  report, 
ha  peak  mtflolanpy 
era  found  to  be  in 
jump  oonditions  are 
mined  when  apanuiae 
nity  of  the  shook 
hook  strength.  The 
bate  that  the  ahook 
!soe  ia  normal  to  a 
compared  to  iaompoh 


COMPRESSOR  ROTOR 


rue  tear  vaiuoit  for  the  praaant  study  is  a  low  espast  ratio  fan  rotor.  The  rotor  iienim. 
ptmeeuim  ratio  ial.oj  at  a  maps  flow  of  $3.l»  kg/”  Tha  tip  relative  Haoh  number  la  lit  at  t82 
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th*  circumferential  location  o i  taoh  ITA  velocity  aaaaurtaant  relative  to  the  rotor  is 
determined  by  assigning  the  aeasureaent  to  a  "window"  foraad  by  adjacent  pula**  oanerated  by  a 
variable  fraquanoy  clock  that  ia  phase-looked  to  the  rotor  rotational  asaad.  Ill  maaauraaanta 
that  occur  within  a  aaasurtaent  window  are  averaged  together  and  assigned  to  the  canter  of  the 
window .  Th*  olook  frequency  is  set  to  ganarata  St  maaauteeant  windows  across  a  blade  pitch,  irk 
measurements  are  acquired  across  17  of  tha  22  rotor  blade  passages.  *  typical  data  collection  run 
oonsists  of  collecting  (0,000  velocity  measurement*  at  aaoh  axial  survey  location.  This  yields 
approximately  70  aeasuramtnts  in  each  individual  aaasuraaant  window  and  results  in  a 
circumferential  velocity  profile  in  each  of  17  individual  bled*  passages.  Thas*  17  profiles  are 
spatially  averaged  together  to  fore  an  "average"  blad*  passage  velocity  profile.  Th*  mean 
velocity  calculated  in  each  of  th*  30  eeasuraeant  windows  in  this  "average"  profile  is  therefore 
based  on  approximately  1200  measurements . 

Velocity  magnitude  and  flow  angle  are  determined  using  measurements  acquired  at  two  different 
anguler  orientations  of  the  fringe  system  at  aaoh  axial  survey  location,  dust  prior  to  performing 


pitchwisa-averaged  flow  angle  along  tha  aiaaauraaant  atraamaurfao*.  ] 
art  used  at  aaoh  axial  aurvay  looatisn  era  than  choaan  so 
pitoliwiss-avtrtgad  absolute  flow  angle  by  20  degrees. 


,  survey  location,  dust  prior  to  performing 
to  determine  tlia  axial  diatribution  of  th* 
raamaurfao*.  The  fringe  orientation*  which 
as  to  bracket  tha  local 


SEEP  PARTICLE  LAO  EFFECTS 


The  velooity  measured  immediately  downstream  of  a  shook  is  known  to  bt  higher  than  tha  tpue 

3  as  velooity  beoaueo  the  seed  psrticlee  neve  finite  inertia  and  gannot  follow  tha  high 
ecaleration  ratal  eorose  a  snooty  Th|a  phjjomana  is  known  is  seed  particle  lag,  }he  extant  of 


daoeleretion  retail  aotots 
the  region  in  which  te 
funotlona  of  the  seed  par 


funotione  of  the  seed  partiole  site  i 

mameters  in  the  prasent  work  ere  i 
,  in  which  eetd  particle  lag  effe 
shook  at  an  upstream  Mooli  number  of 
true  velonity  for  a  straamwiae  diati 
ohord  for  the  present  rotor.  Within 
by 


ere  pxaaent 


rs  sr  ”»ijn  Ituie  oi’  the" lig  ere 
pertiole  ala*  end  shock  strength 
hose  of  an  earlier  investigation 
m  (41  indicate  thst  fpr  a  nor mol 
ehind  the  shook  lags  behind  tha 
nds  to  12  percent  of  aerodynamic 
velooity  Is  given  approximately 


ir  of  1.4  the  velooity  measured  bi 
distance  of  12  me.  which  oorrespgi 
.thin  this  lag  region,  tha  measured 


Vp  •  Vgl  *  (Vgl  -  Vg2>  «  exp<-J  X/L) 


where  Vp  is  th*  meesured  eeed  pertiole  velocity,  Vgl  end  Vg2  era  the  true  gee  velooitiae  upstream 
and  downstream  of  the  shook,  reapeotively,  X  is  tha  etteamwisa  distance  downstream  of  thm  shook, 
and  L  is  the  leg  distance. 


downstreem  of  thm  shook. 


Saliodl  16]  has  invastigatsd  ths  affaats  of  partial*  silt  on  the  Haoh  number 
measured  eorose  a  shook  by  comparing  measurements  eoquirad  with  a  laser  transit  ana* 
an  axial  oompraasor  rotor  bow  shock  for  a  rings  of  partiol*  slats.  He  found  that 
post-shock  H*oh  number  distribution  is  dependant  on  particle  aiae,  the  point 

3  umber  first  begins  to  change  rapidly  ia  independent  of  pertiole  Site, 
etermining  the  snook  location  in  tlia  present  study,  ths  point  at  which  tlio  mi 
first  begins  to  olianga  it  considered  to  be  en  accurate  end  oensistent  indii 


diatribution 


i.  Therefore,  when 
measured  Haoh  number 
lioetor  of  tha  shook 


DETEMUHATIOH  OF  SHOCK  SURFACE  LOCATION 


Tha  aeeeuriimei 
face  for  the 
Haoh  nuaher  dii 
eeoond  shook  pi 
:  end  rargly  ah' 


aauramant*  shown  in  this  figui 

!ib.ni.«Os8m.a*«; 

shook  pcoura  only  at  bach  preai 


elonp  with  tha  ehook  location.  The  measurements  shewn  in  this  figure 

nrvent  ayan  meaauramant  surface  for,  The,  peak  efficiency  gpmratini 
ade-tc- blade  end  atraemuiaa  Heoh  nueher  dletributicnp  indicate  the  i 
aye  tarn  uithin  the  rotor.  The  second  shock  pccur*  only  at  bad;  prgasuri 

Small  efficiency  operating  point  and  rarely  shows  up  el  olaerly  in  hlede- 
n  rights  1.  Straamwiae  piota  of  relative  Heoh  number  irm  found  to  prov; 
ndicetion  of  the  second  shook  location.  In  order  to  improve  the  a 
etreamuiae  Haoh  number  distribution! .  tFA  eurveya  ais  taken  every  2.3  p< 
the  peak  efficiency  operating  condition. 


this  figure  were  eoeuirad  on  the  36 
igy  operating  condition.  loth  the 
gloats  the  existence  of  e  tug-ahonk 
fcaolt  praaaure  level*  at  or  below  tha 
ly  tn  blade -to- blad*  plot*  **  it  dees 
found  to  provide  a  much  more  renaitiva 
sprov*  tha  aF*tial  resolution  of  the 
every  2.3  peroant  of  rotor  ohord  at 


us  of  ahook  looation  data 


The  looui  of  ahook  I 
oak  efficiency  ana  nee 
s  shown  extending  from 


Is  shown  extending  froi 
line  extrapolated  from 
the  peek  elfioiei 

!?!!  MV 

deceleration.  Tl 


g  from  th*  auction  au 
fro*  the  bled#  mean  < 
tty  condition.  At  th 
lady  auction  surfaos 
y  tlia  raer  portion  < 


nalytically  pmop' 
long  the  rhooh 
hrae-dlaaniional 


deaoriptien  of  tha  i 
,  fact  are  detarminai 


.aanalonal  ahook  aurfao*  shape  «iii 


vuufi  tin  xivui  tv  iiivwi  muii  vnii  *«« 

#  near  stall  flow  there  appeared  to  be  •  wak  front  lambda 
followed  by  ■  stronger  raar  lap.  Th*  ahgok  piota  for  near 
of  the  lambda  which  produced  tha  majority  of  the  figu 
•hook  looation  i*  on  the  order  of  two  aa*aur**ant  uindoua  (4 
erentiel  direction  and  on*  percent  of  rotor  oliord  in  the 
i  in  oacn  figui*  !•  determined  by  a  leset-equere*  polynomial 
point!..  Thie  ogive  fit  it  performed  in  ntdar  to  obtain  an 
»  ariook  in  tna  bltde-te-hlede  etteematirfmoe .  Eleven  point* 
nad  from  tna  fitted  curve  for  up*  in  plotting  tha 
and  in  performing  calculation*  of  th*  tluck  jump  condition*. 


propoaad 
turning 
axial  an 

O’.* 

sasisl 

chord. 


k  shape* 

inoa  ft] 
aal  at  tl 
mal.port 


at  16 
In  that 
I*  (UOtll 


peroant  through 
they  are  approx: 


ihrough  41  pgr  cent  span  art  consistent  with  the  eodal 
approximately  axial  over  most  of  tha  pftsipe  width  before 
i.  At  10,  21  and  31  percent  spans  the  intereeotlon  of  ths 
i  secure  et  upraximsteiy  7l.r»  end  II  percont  passeae 
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CALCULATION  OF  JUHP  CONDITIONS  ACROSS  THE  SHOCK 

In  order  to  asloulete  the  jump  condition*  «cro*s  th*  (hook  which  satisfy  the  relation*  tor 
ooniervition  of  miss,  normal  noacntun,  tangential  momentum,  and  energy  together  with  the 
requirement  that  the  entropy  doe*  not  deoreeao,  it  is  naoeeiery  to  determine  the  normal  veotor  to 
the  three  dimensional  shook  surfaoa  in  the  rotor  passage.  The  normal  is  calculated  by  assuming 
that  the  shook  surface  can  be  described  by  some  function 

<h«,r,z>  »  e  «  e  -  m.z)  c  2  ) 

where  8.  R>  Z  ere  the  axes  for  a  cylindrical  coordinate  system.  Consequently. 

8  •  F(R,Z>  (  3  ) 

The  normal  vector,  n  ,  can  ba  obtained  by 


ft 


V  s 


Cm  -  *!t  &*-kH 


where  ea  ,  *R  >  end  sr  ere  the  unit  vectors  in  the  cylindrical  coordinate  system, 
partial  derivatives  are  obtained  using  numerical  diffatentiation. 


4  ) 

Th* 


The  shook  faoe  Mach  number*  ware  obtained  from  the  velooity  components  measured  in  th*  8,Z 
plan*  and  assuming  th*  radial  velooity  ahead  of  th*  shock  could  he  calculated  from  the  measured 
axial  component  of  velocity  and  the  design  streamline  slopes  for  th*  rotor,  Th*  maximum  design 
streamline  slop*  was  -8,3  degrees  at  19  percent  span  from  th*  tip  which  did  not  significantly 
change  th*  Hacft  number.  Th*  Mach  number  component  normal  to  thm  surface  is  obtainod  from 

«„  « 1l .  ft  (51 

whore  the  Mach  veotor, D,  has  th*  same  diraoticn  as  tha  velocity  vector  and  the  same  magnitude  as 
th*  Mech  number.  Th*  component  of  th*  Haah  vector  tangent  to  tha  shook  is  obtained  from 

15,e  M  -  M^ft  (  t  ) 


With  the  speed  of  sound  before  th*  shook,  th*  velocity  component  tangent  to  th*  shook  surface  c  ,t 

!•  obtained.  With  the  normal  and  tangential  components  known  before  th*  shook,  th*  conservation 
aus  can  be  applied  to  yield  th*  after  shook  conditions. 

In  order  to  demonstrate  th*  importance  of  considering  the  three  dimensional  nature  of  th« 
shock,  th*  aftar  shock  conditions  ware  also  calculated  uith  th*  shock  assumed  to  be  perpendicular 
to  th*  conical  surface  of  revolution  on  uhich  th*  measurement*  were  taken.  The  "perceived”  noruel 
Haah  number  which  would  be  obtained  if  only  th*  two  dimensional  nature  of  th*  shook  wore 


In  order 
k,  th*  aft 


Haoh  number  whiah  would  be  obtained 
oonaiderad  was  calculated  in  a  asnn 

number.  The,  normai  velocity  oaloula.-.  -  ....  -  — ... 

normal  velocity  aftar  tha  shook  ueing  th*  "perceived",  or  two  di«w 
used  to  oaloulat*  th*  Heoh  nuaber  and  total  gonditione  after  the  i 
th*  free*  of  reference  of  the  rotor  the  total  temperature  aoroes 
temperature  aoroaa  th*  shock  in  th*  laboratory,  or  absolute,  frai 
A  significant  ingrtaaa  in  total  prassur*  and  total  temperature  oi 
*  qotreaponuing  increase  in  entropy,  The  total  preaeure  ratio 
efficiency  of  th*  sompraaeion  serosa  the  shock  was  calculated 

Jaloulatad  rotor  work  dons  by  assuming  s  two  dimensional  shook  i 
iaansional .  Tha  isantropio  efficiency.  H  ,  was  coloulated  fro* 


ulatsd  after  th. 
ling  tha  "perceivi 
and  total  pondit: 
ir  the  total  tamp. 
;ha  laboratory,  oi 


ock  using  th* 

.  T_  .  or  two  dimension*!,  normal  Hsoh  i 

tal  condition*  after  the  shook  for  each  case.  Although  In 
total  taaparatur*  morose  th*  ehook  is  constant,  th*  total 
oratory,  or  absolute,  frea*  of  reference  ia  not  constant, 
a  and  total  taaparatur*  occurs  across  ths  shock  elons  sixth 
The  total  preaeure  retip  and  th*  associated  ieentrepiu 
th*  shock  was  calculated  to  dseonetrsta  tha  difference  in 
i  a  two  dimensional  shook  whan  th*  aotuel  ahock  is  thris 


xonex  nacur#  or  one 
to  bo  perpendicular 
i  "peroeivsd”  norusi 
of  the  shook  wot* 
a  true  norms!  Haoh 
h  number  and  the 
ia!  Haoh  number  werj 
i  case.  Although  In 


whort  PR  is  ths  total  pttsaurt  title  and  TR  is  ths  total  temperature  ratio  aoroaa  th* 
absolute  frea*  of  reference  end  K  is  the  specific  beat  retie. 


ehook  in  th* 


QUALITATIVE  DtJORIRTION  OF  THE  SHOCK  SURFACE 
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RESULTS  FOR  THE  JUMP  CALCULATIONS  ACROSS  THE  SHOCK 


th*  .lump  condition*  eoross  thf  shook  whin  th*  sotusl  tht*»  dimensional  nature  oi  th*  shook  is 
considarsd  and  whsn  th*  shook  is  oonsidsrtd  to  bt  two  dimensional  i.*.  th*  shook  is  parpsndioulsr 
oonical  surface  of  evolution.  Th*  calculation  of  th*  post-shook  M»oh  number  lot  10,  30 
»nd  SO  percent  epen  froa  th*  tip  is  shown  in  figure  S.  Th*  thr**  di«*nsion*l  n»tut*  of  th*  shook 
is  »o*t  evident  for  50  percent  span  where  th*  3D  calculations  yields  an  *ft»r  shook  tlnoh  number 
whioh  is  generally  0.20  to  0.20  higher  than  th*  2D  calculation.  At  thirty  percent  span  th* 
diffjrano*  is  b*tu**n  0.15  *nd  0.17.  At  t*h  p*ro«nt  span  th*  shook  is  two  dimensional  exoept  for 
a  slight  thr**  dimsnsionsi  sffsot  near  th*  leading  *dg*  whioh  is  du*  to  th*  lean  of  the  leading 
•da*  in  the  strssmwise  direction.  Th*  total  prassur*  rise  calculated  across  th*  shook  in  th* 
u  °F*Jory  ”!*•  of  taf*r*noe  is  shown  in  figure  0.  A  large  prassur*  ris*  ooours  soross  the  bow 
1 P*10*?*  *f»h  kith  the  tip  shook  producing  a  calculated  prassur*  ratio  of  1.5?  and 
th*  50  percent  span  location  producing  a  prassur*  ratio  1.06.  Th*  two  dimensional  calculation 
consistently  produces  aor*  indicated  prassur*  ratio  than  does  th*  thr**  dimensionul  calculation. 
The  isentropio  efficiency  of  th*  compression  process  «orcso  th*  shook  is  shown  in  figure  10.  Th* 
iJ!nS£opi°  osloulstsd  for  th*  two  diaansional  shook  is  lower  than  that  calculated  for 

th*  ID  shook  whioh  is  consistant  with  th*  prassur*  ris*  calculated  with  each  method. 

,  ?**uit*  calculated  for  th*  p**k  «ffici«ncy  flow  point  *r*  shown  in  figure  11  for  the 
calculated  Maoh  number  change  only  sines  th*  calculated  pressure  ris*  and  efficiency  followed  the 
Jtanda  as  those  observed  for  th*  naar  stall  flow  r*t*.  For  10  percent  span  th*  shook  is 
5?°  dimensions!  up  to  about  50  percent  of  th*  distance  along  th*  face  of  th*  shook 
fI2!  ««  leading  edge  to  th*  suction  sutfao*  with  thr**  diaansional  affects  oooutring  over  the 

Whereas  th*  two  diaansional  calculation*  indicate  after  shook 
m!2L‘  n2!u*r*  JPPjaciaMy  i*»»  than  sonic,  th*  thr**  diaansional  calculation  indioat**  after  shook 
Mach  numbers  that  at*  generally  greeter  than  aonio.  Thar*  is  considerably  lass  thr**  dimensional 
!«!«  5»»P  »nd  comparable  three  dimensional  *ff*cts  at  30  percent  end  50  percent 

5?!5  *"•  ,5,ocii.fo2J  ■*.?••><  eflioienoy  is  vary  sensitive  to  small  ohanges  in 

*  1  .f trine*  in  th«  thr««  diK«n«ionii  «&«ots  »t  ll  p«rgtnt  ind  20  p«ro«nt  m«y  be 

i22.i?-EIr2ki2kl!“*iou^ty  in.a*f ‘blishing  identical  operating  conditions  for  *11  th*  percent  span 
looetions  which  w*t*  measured  on  different  days. 

?'•  dimensionality  of  th*  shook  has  considerable  effect  on  the  assumption  that  th*  flow 

can  be  treated  es  straeasurfaots  for  analysis  with  either  two  dimension!!  or  ouaai-thr.* 


3™  ;nr**  dimensionality  of  th*  shook  has  considerable  effect  on  the  assumption  that  th*  flow 
cen  be  treated  as  straemsurfaces  for  analysis  with  either  two  dimension*!  or  quasi-three 
282!!*t*5  ST'  AV,J!*rc*?VSfn  n!fr  th»  laading  edge,  the  flow  into  the  shook  is 
(EEHEImJS  Ja  t0  «>!  ,xi;1  ®“?0*isn-  After  thm  shook  the  calculated  flow  has  tan 

i! •?  »?*arr,,uto,  the  sxiel  direotion.  This  also  has  ramification*  on  the 
2?  8k!iTS-n?„th!  *hooS  i£no*  *s»«uram*nt*  are  taken  on  th*  design  streamsurfac* 

2k-  E*22luti?5l  .Obviously,  SOM  of  th*  particle*  measured  downstream  of  th*  ehook  crossed  the 
shook  *t  *  different  spenwisa  location  then  that  *t  which  tliay  arm  being  Maeured  after  th*  ehock. 


onelity  of  th*  ehook  hae  considerable  effect  on  the  eseumpt: 
treeaeurfecee  for  entlyeie  with  either  two  dimensionil 
ode*.  At  36  percent  epen  near  the  leading  edge,  th*  flow  into  the  ehook  i* 
dtgreee  to  the  txiel  direotion.  After  the  ehook  the  oolouleted  flow  he*  tin 
.*?•»  degrees  to  the  axial  direotion.  Thi*  alao  has  remifioetione  on  the 
ok  eino*  the  meaiuraaent*  are  teken  on  the  deeign  streamaurfeo* 
of  the  pertiole*  measured,  downstream  of  th*  ehook  crossed  the 
ition  then  that  at  which  Uiey  are  being  Maeured  after  th*  ehook. 


'or  th£MM$IIt£h0tL2fel:!!i*Jiv*  *!•  ,h0*ln  in  figure  12*  for  th*  neer  stall  flow  ret* 

M  -ofe  5*  S’*  4fSKt ay  Afira llb  **  -«•  -*■ 


»:  IB 

Mach  number 
percent  oho 
velocity  at 
rang*  its 


™f  expariMritel  date  chow* 
downstream  oft  he  shook.  At  51  per 
calculation  yielding  l.M  end  th*  2D 
dounetream  of  the  ehook  the  Mech  nuuh 
deceleration  of  th#  flow  from  29  per 
in  ere*  an  that  part  of  the  differ* 
percent  ohord  aey  be  du*  to  en  Inorsa 
of  tha  (hook  to  thi  passage  exit. 

in  til  the  IFA  date  for  this  ro' 
ooasutor  cod*  described  In  fill,  i 
indicated  thet  froa  11  to  79  parcent 
locations  of  .  tho  shocks  when  soaoari 


leastdi  however,  it  would 

Rto  about  Mech  9.15  to 
ra#  dimensional  with  th* 
.oulation  yielding  a  value 
!  ••*7  it  ll  percent  chord 
llaensionsl  with  th*  30 
i*r.  At  12  percent  chord 
.l.M,  Inepeotion  of  the 
he  passage  is  lnoreasing 
lie  estimated  value  *t  »J 
section  froa  th*  looetion 


rotor  were  compared  to  tho  results  obtained  with  th*  30  Euler 

v  p.»«.ntcK  rMs^c^,?5:v.8^?^hffihdm^;ib:sp;ii;:nJ:iV?i5: 

F?su»i^ij?  ehJ2!  ooapertd  to  n«*r-*ur!*o*  Haoh  numbers  in  th#  blade-to-hled*  plen#: 

|!lsw  KSir^?5r  'K???,11?!!.  MBuflSon^MjrirpLssntK  jorSMiJiJncr^: 

lop  a  flow  lets  of  H  I  percent  of  J^  Mki*ui‘ffow,f.«  |iUUtirby  tfa  oSJJutlr  oSdInfor  thi 

experimental  flow  wee  guoted 
J'ldWislion*  ter*  mid*  it  Id.l  .Psrcent  ilow  end  II. I 


nature 
tow  ret* 


II  percent 
figure  end 
a  of  the 


pe^efHotc  wy  5112  bJIhI  SK^m  *.5?i  «*  tha.  Shock  st"hs  near 


CONCLUDING  REMARKS 


The  present  paper  has  defined  the  shook  struoture  inside  the  rotating  passage  of  a  low  aspect 
ratio  transonic  fan  at  a  flow  rate  near  peak  effioienoy  and  near  stall  using  detailed  data 
obtained  with  a  laser  fringe  anemometer.  Because  of  the  severe  distortion  of  the  shook  surface  at 
the  peak  effioienoy  flow,  it  is  guite  benefioial  to  qualitativlay  study  the  snook  struoture  using 
three  dimensional  graphics  in  an  interactive  mode.  It  was  also  shown  that  onoe  the  shook  surface 
is  defined,  the  normal  shook  jump  conditions  can  be  used  to  oaloulate  after  shook  Mach  numbers. 
When  particle  lag  across  the  shook  is  considered,  the  agreement  with  data  was  shown  to  be  good. 
At  the  near  stall  flow  where  the  density  of  the  IT A  measurements  was  not  as  high  as  that  used  for 
the  peak  effioienoy  flow,  the  agreement  was  not  guite  as  good  between  the  jump  oalculations  and 
the  after  shook  Mach  numbers.  Overall  the  jump  oaloulations  indicate  the  importance  of  including 
the  three  dimensional  nature  of  the  shook  in  interpreting  the  experimental  data.  It  also 
emphasizes  the  need  to  account  for  the  three  dimensionality  of  the  shook  as  proposed  by  Prinoe  ! 1 1 
and  Wennerstrom  121  in  the  design  of  turbomaohinery  passages.  The  total  pressure  ratio  calculated 
across  the  shock  indicated  that  a  significant  portion  of  the  rotor  total  pressure  rise  is  produced 
by  the  shook  and  that  the  effioienoy  of  thia  compression  process  is  guite  high. 

Comparison  of  ttie  shook  loostions  with  those  predioted  by  a  3D  Euler  code  shoued  very  good 
agreement  and  indicated  the  usefulness  of  integrating  oomputaional  and  experimental  work  to 
enhance  understanding  of  the  flow  physios  occurring  in  transonla  turbomaohinery  passages. 
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DISCUSSION 

d.  Cheuvin 


(l)  How  alcee  to  the  stall  line  wet  the  near  stall  point? 
Author's  Reply 


TOTAL  PRESSURE  RATIO 
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lot  20t  30t  40t  SOt  SOI 

Figure  4.  ••  Shock  location  In  blade-to-blade  plane 

for  six  spanwlse  locations  at  Near  Stall  Flow  Rate. 


o  -  Shock  location 
—  -  Curvefit  of  Data 
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Figure  S.  -  shock  location  In  bled*-te-b!ad»  plane 

for  »1*  tpahwlie  lecatioai  at  Rank  efficiency  Flow  Rate. 

o  •  Shock  location 
—  -  Curveflt  of  Data 


r:vi  »t*ai  stKisaj  “^asusled  before  the  shock  ®j<0  calculated  after 
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SONIC 


•  -  EXPERIMENTAL  SHOCK  LOCATIONS 

PEAK  EFFICIENCY  FLOW  RATE  -  98.9Z  MAX  FLOW 
NEAR  STALL  FLOW  RATE  -  92.6Z  MAX  PLOW 


FIGURE  13,  -  COMPARISON  OF  SHOCK  LOCATIONS  ON  THE  BLADE  SUCTION  SURFACE 
FOR  PEAK  EFFICIENCY  AND  NEAR  STALL  FLOW  RATES  WITH  I80MACH  LINES  FROM  A 
3D  EULER  CALCULATION, 


KAX  PLOW  MAX  Plot 

Fiauae  ».  -  isomach  lines  from  a  3D  euler  calculat 
SMOftiN2»TIUN8,T,ON  FR0M  M  shqck/passaqe  sh 

AT  38, 21  MAXIMUM  PLOW  TO  A  SINOLE  SHOCK  AT  98.4X 
MAXIMA  FLOW  AT  10*  SPAN, 
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DISCUSSION 

J-fakri.  Fr 

Cons  menu  From  i«u  perforated  M  ON  ERA  by  viwutliution  erf  flow  Add*  In  tranwnic  or  lupersonic  comprcBttra,  u 
tpptwi  !h»i  the  leading  edge  ihiteb  wave  b  abeslutely  tteady  unlit  n ear  (tail  eonditkttt,  The  elowrutream  Cutcfc  wave 
cnay  be  fluctuating  at  open  throttle  taolllloot-  ^ 
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\  Ahatreot 

The  strong  trailing- adg*  ghoolt  waves  from  the  noMle  guide  vanes  of  transonlo  turbine  stages  oan 
give  rise  to  lnteraotlons  with  the  dovnstreas  rotor  vhiah  are  significantly  more  severe  than  is  the  oase 
with  lower  pressure  ratio  stages.  It  Is  therefore  important  to  study  suoh  effects  In  detail  both  fron 
th«  point  of  view  of  stage  power  output  and  more  iaportantly  from  that  of  heat  transfer  rates.  A  study 
has  been  Bade  of  a  transonlo  rotor  profile  In  a  statlo  oasoade  In  whiah  the  effect  of  shook  wave 
Interaction  is  simulated  by  means  of  an  array  of  bare  rotating  at  the  oorreot  speed  and  spacing  upstream 
of  the  stationary  rotor  blades.  Detailed  heat  transfer  rate  measurements  made  with  rapid  responds  gauges 
enable  the  wake  and  shook  phenoaena  to  be  separated. 
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nomenclature 


SOY  exit  veloolty.  relative  bar  velooity 
Tangential  (or  true)  chord 
Thermal  conductivity  (V/mK) 

Heat  transfer  rate  (V/m») 

Iaantroplo  Haoh  Humber  (based  on  looal  statlo  pressure  and  Inlet  total  pressure) 

Husselt  Humber 

teynolda  Humber  (based  on  Inlet  total  conditions,  Iaantroplo  exit  Kaoh  Humber  and  tangential  ohord) 

Blade  eurfaoe  perimeter 

Time 

Temperature  (*) 

Turbulence  level  -  u'/O 
fluctuating  veloolty  (m/e) 

Veloolty  (m/e> 

totor  relative  veloolty>  oaeoade  inlet  velooity 

Surface  diatenoe  from  thm  leading  edge  atagsation  point 

Dletanoa  in  tba  pltoh-vise  direotloo  from  tbe  apenwlsa  datum  poaltlon 

Qam  angle  (measured  from  tbe  axial  direotloo) 


aubaortpt* 

«  »  frees trees 

o  •  Total 

l.J  -  Inlet,  Outlet 

meed  »  Heasuriog  point 

b.m.t  ■  Hub,  mate,  tip  (or  tangential  in  obord  definition) 
rel  >  Belatlve  bar  ooadltloo 


Introduction 


The  effeots  of  unsteady  flows  oaused  by  rotor  blade/NQV  interaotiona  and  the  disturbance  to  the 
potential  flow  due  to  rotor  blade  notion  are  arousing  increasing  interest  as  attenpts  are  made  by  turbine 
designers  to  iaprove  their  predictions  of  perfornanoe.  Previous  work  by  Doorly1-*  and  Dunn4-1*  has  shown 
the  significant  effeot  of  NQV-rotor  interaction  on  heat  transfer  rates  associated  with  the  effeot  of  the 
turbulent  NOT  wake  on  the  rotor  boundary  layer  as  the  blade  passes  through  the  wake.  Doorly's  studies 
have  identified  the  fluid  dynamic  phenomena  associated  with  the  interaction  employing  a  stationary  linear 
casoade  and  an  array  of  bars  rotated  off-axis  upstream  of  the  blades  in  auoh  a  way  as  to  generate  a  set 
of  wakes  whiob  pass  over  an  instrumented  stationary  blade.  Dunn's  studies,  on  the  other  hand,  involved  a 
oomplete  rotor  behind  an  NGV  ring.  An  extensive  study  of  unsteady  aeoondary  flow  vortioes  in  a  turbine 
rotor  stage  has  been  made  by  Binder  at  al.*1-**.  Laser  two-fooua  velooimetry  was  used  to  traok  the 
distortion  and  migration  of  the  NOV  passage  vortex  as  it  passed  through  the  rotor  blade  ring. 
Slmultaneouo  measurements  of  mean  velocity  and  turbulenoe  level  were  made.  It  was  found  that  the 
turbulenoe  level  arising  from  this  vortex  was  raised  considerably  by  the  cutting  aotion  of  the  rotor 
blades  and  this  effeot  was  asoribed  by  Binder  et  al.  to  the  break-up  of  the  vortex  Itself.  The 
experiments  were  oarried  out  in  a  steady  flow  turbine  rig  so  that  the  long  sampling  times  required  for 
aoourste  L2F  measurements  were  readily  attainable.  Hod son 11  has  also  investigated  the  blade-wake 
interaction  measuring  unsteady  blade  pressures  on  a  large-soale  rotating  rig  in  a  manner  similar  to  that 
at  UTRC  where  Dring  and  his  oolleagues*4-1*  have  studied  blade  boundary  layers  using  a  rotor  axis  fixed 
hot  wire  anemometer. 

The  work  reported  in  the  present  study  has  been  oarried  out  in  a  linear  oasoade  of  the  blades  of  a 
transonic  stage  where  the  NOV  exit  Haoh  Number  is  generally  higher  than  that  used  by  Doorly  or  Dunn  and 
in  whiob  the  strong  reooapreasion  shocks  in  the  wake  have  a  more  important  effeot  on  the  boundary  layer 
and  henoe  on  the  heat  transfer  rates.  The  rotor  profile  is  the  same  as  that  currently  fitted  to  the  HIT 
transient  blowdown  facility  desorlbed  by  Epstein  et  el.“  so  that  direot  oomparisona  will  be  possible 
between  the  two  different  approaches. 


The  measurements  were  oarried  out  in  the  lsentropio  light  piston  osoesds  desorlbed  by  Sohulti  et 
al.1'.  in  whlah  a  short  duration  (~  0.5  see.)  flow  la  produoed  at  the  oorreot  full-scale  engine  Reynolds 
and  blade  exit  Haoh  Numbers  and  et  the  oorreotly  scaled  gaa/wall  temperature  ratio.  The  simulation 
employed,  l.e.  stationary  rotor  and  moving  wakes  has  advantages  in  terms  of  slmpllolty  over  the  fully 
rotating  experiment  In  no  far  am  SohUeren  techniques  may  be  employed  to  looate  shook  waves  end  boundary 
layer  eeperetlons  (Induced.  It  will  be  seen,  by  the  inoident  shook  wave).  It  must  be  eaphaalaed, 
however,  that  the  following  effect*  ere  not  simulated) 

1.  Temperature  gradient*  in  the  wake  dus  altbar  to  a  film  oooled  NOV  or  the  bast  tranafsr  to 
tha  van*  as  a  whole. 

1.  The  differential  affeots  of  buoyancy  forces  on  tha  coolsd  wake  and  tha  mainstream  flow. 

1.  Distortion  of  tha  NOV  pasaaga  flow  by  tha  rotor  blockaga. 

4.  The  Influence  of  unsteady  secondary  flows  over  both  the  rotor  root  end  the  tip  region. 

The  tlsuUtloa  la.  In  arrant,  valid  only  for  aid-blade  height  flow!  but  ie  believed  to  be  valuable 
nevertheless  In  that  It  enables  the  relevant  fluid  dynamic  phenomena  to  be  Isolated  and  studied  In  some 
dstall.  The  arrangement  of  the  linear  oasoade.  the  rotating  dime  and  stranded  steel  cables  is 
illustrated  in  fig.  l(t).  1  more  complete  description  is  given  by  Ashworth  at  *!.*•  and  it  tufflots  bare 
to  record  that  the  aarodynamio  design  of  tb*  prototype  cold  air  turbine  In  which  *  ft  bled*  rotor  spine 
at  *004  IFH  behind  an  NOV  ring  of  If  vanaa  la  correctly  simulated  by  having  a  disc  carrying  If  radial 
bars  (stranded  cable)  and  la  turblna  scaling  factor  oaaeade/oold  sir  turbine  of  1.1I4T.  The  MV  trailing 
edge  diameter  was  1.11*1  an  and  the  nearest  suitable  oabl*  diameter  of  l.fljl  mm  was  nboesn  for 
ocovenienna.  Tha  plan*  or  the  array  of  the  bar*  van  located  14.111  am  upstream  of  ths  caaeads  blade 
leading  adge  line.  Experiment*  reported  by  Doorly4-*  have  shown  that  a  wake  velocity  profile  similar  to 
that  from  an  nq»  can  be  produoed  by  •  olroular  cylinder  or  diameter  equal  to  that  of  tha  van*  trailing 


3-3 


edge.  me  oaeoade  has  a  spas  of  50  mm  at  blade  Inlet  and  50.095  on  at  exit  vith  tbe  expansion  on  one 
side  only  as  illustrated  in  Fig.  1(a).  1  turbulence  grid  201  aa  upstreaa  of  the  has cade  provides  a  level 
of  u'/5  of  approximately  3*.  Upstreaa  and  downstream  statlo  and  total  presevres  were  measured  routinely 
to  establish  tbe  correct  oasoade  operating  oonditions  and  are  reported  in  more  detail  by  Ashworth  at 
al.*».  me  operating  conditions  at  the  nominal  engine  design  point  are  given  below. 

me  beat  transfer  gauges  used  is  this  study  are  conventional  thin  flla  surfaae  resistance 
thermometers  widely  used  for  the  determination  of  heat  transfer  rate  in  short  duration  facilities1*. 
Data  froa  22  suoh  gauges  were  stored  in  a  digital  transient  reoorc or  sampling  up  to  1$  ohannels  at 
500  kHs  for  eaoh  ohannel  or  were  input  directly  to  the  A/D  oonverter  1 1  a  slower  .  ate  of  400  Hz  for  some 
of  the  <4  available  A/D  ohannels  when  time  average  data  only  wore  required,  also  used  for  measurements 
suoh  as  inlet  and  exit  static  pressures,  me  locations  of  these  heat  transfer  gauges  on  the  blade  are 
shown  in  Fig.  2(a)  and  given  in  terms  of  the  surfaoe  length  'x'  o  perimeter  's'  fr.-*  the  stagnation 
point.  A  more  detailed  study  of  the  reaotlon  of  the  suction  surfaoe  boundary  layer  to  both  freestream 
turbulenoe  and  the  walce-passing  phenomena  is  also  reported  below.  For  this  study  another  blade  was 
instrumented  with  thin  film  gauges  whloh  were  only  4  aa  long  as  oocpared  to  10  aa  for  the  previous  tests, 
and  were  more  closely  spaaed  around  the  profile,  as  shown  in  Fig,  2(b).  me  model  points  in  Fig.  2(b)  are 
those  referred  to  in  Fig.  6.  Surfaoe  pressures  were  measured  in  a  tlao-averaged  manner  using  Sensya 
semiconductor  transducers  type  LX-1620D  operating  in  a  differential  node  as  reported  in  sore  detail  by 
Ashworth  et  al.11.  Baseline  experimental  results  have  been  reported  by  Ashworth  et  al.  but  for  clarity 
some  of  this  data  is  referred  to  in  the  present  paper,  me  veloolty  triangle  for  the  steady  nominal 
design  case  is  shown  in  Fig.  1(b)  whloh  inoludes  the  of. "rot  of  the  reduced  NOV  exit  wake  veloolty  C£  on 
tbe  rotor  inlet  angle  (Sj. 


A  comparison  of  baseline  dete  vith  no  rvtor/wake  lnteraot-on  is  given  in  Fig.  3(e)  for  the  two  oeaes 
of  low  (<  0.n>  freeatreaa  turbulenoe  end  with  e  turbulenoe  level  of  approximately  J».  It  will  be  seen 
that  the  turbulenoe  generated  by  the  her  grid  le  sufficient  to  bring  the  region  of  boundary  layer 
transition  forward  from  about  40*  x/e  on  the  pressure  surfaoe  end  3fi*  x/s  on  the  euatlon  surface  to  1M 
and  20*  respectively.  All  of  tbla  data  vea  taken  at  the  roalnal  design  oaaoade  operating  conditional 
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(based  on  iseotrcplo  inlet  total  and  pltohvlae  aver  ged  salt  statlo  pressure*) 
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The  olroled  nut.  .ere  refer  to  hast  *ranafc  gauges  identified  In  Fig.  2(a).  The  hast  transfer  rate 
la  presented  In  terms  of  a  noo-dimsaalonai  Kuaaalt  rusher,  defined  eat 
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The  hea*  tranafer  rate  o  tbe  blada  with  the  additional  effaot  of  wake  lnteraotion  it  illustrated  la 
Figs.  3(b)  and  3(a)  for  both  cases  of  affaotlvaly  aero  freaatreaa  turbulanoa  tad  -  3*  u'/ij.  From 
Fig.  3(o)  it  will  be  ease  they  there  la  aa  overall  Increase  In  beat  transfer  rat*  over  both  the  pressure 
and  auction  turftott.  The  praaaure  surface  heat  transfer  la  erdvaacad  over  practically  the  whole  length 
although  the  dominant  affect  it  observed  for  value#  of  a/a  (  TO*.  On  the  pressure  aurfaoa  the  effect  of 
wake  interaction  persist*  to  about  x/s  »  20*.  tramples  of  Instantaneous  hast  transfer  rates  art  inset  la 
tbe  Figure  and  a  more  ex tensive  '»tl*#'  of  results  is  given  in  Ashworth  at  al.1*.  tbe  beat  transfer 
ret**  with  waka  Utereetloo  and  with  affectively  taro  Freeatreaa  turbulence  are  ahotrn  in  Fig.  3(b),  Aa 
appealed  there  la  a  aarted  increase  in  the  level  of  heat  transfer  rata  over  almost  the  entire  praaaure 


and  auotion  aurfaoes.  Exaaples  of  instantaneous  valusa  of  hast  traaafer  rate  are  inset  and  these  also 
Illustrate  the  increase  over  the  undisturbed  oase. 

Hm  Effeots  of  Inlet  Inoidenoe  inale  on  Heat  Transfer  Hate  and  Pressure  Distribution 

is  is  illustrated  in  Fig.  1(b)  the  passage  of  the  reduaed  Telocity  take  through  the  rotor  blading 
gives  rise  to  a  tiae  varying  obange  of  inoidenoe  angle.  Although  this  ohange  is  assooiated  with  the 
blade-wake  interaction  there  is  nevertheless  a  tine-averaged  effect  whioh  leads  to  quite  narked 
variations,  particularly  on  the  auotion  surfaoe  heat  transfer  rate  and  pressure  distribution. 
Considering  first  the  heat  transfer  rate.  Fig.  4(a),  illustrates  the  sore  prolonged  region  of  laainar 
heat  transfer  rate  associated  with  a  deoreased  inoidenoe  of  -10*  fron  design  value  of  3*. 04*.  studies  at 
an  increased  inoidenoe  of  £3.04*  ware  carried  out  for  off-design  perforaance  purposes  only  and  although 
reported  here  for  Reference  are  not  a  part  of  the  overall  wake-blade  interaction  experiments.  The 
unsteady  inoidenoe  effeots  oaused  by  the  wake  velooity  deficit  are  not  oorreotly  simulated  by 
measurements  aade  in  the  steady  state  but  it  is  probable  that  the  nature  of  the  transient  ohangea,  at 
least  near  the  leading  edge,  are  in  line  with  those  shown.  Similar  reaarks  apply  to  the  effeot  of  a 
deoreased  inoidenoe  on  Haob  Nuaber  distribution  around  the  blade.  Fig.  4(b),  the  overall  result  being  a 
reduction  of  Mach  Huaber,  l.e.  unloading  of  the  crown  of  the  suction  surfaoe,  x/s  <  40*. 

Hmiumat  of-tha  gaatudy  Blalachma  «t  Inlet 

In  order  to  understand  the  unsteady  phenoaena  oaused  by  the  bar-passing  apparatus,  a  sketch  of  the 
expected  inlet  disturbances  is  the  simulation  and  the  engine  is  given  in  Fig.  5(a).  The  velooity 
triangles  are  matched  by  setting  the  oorreot  bar  velooity  and  aatohing  the  oasoade  inlet  velooity  to  the 
rotor  relative  velooity.  The  intermittent  perturbations  to  tbs  inlet  flow  oauaed  by  the  simulation  are 
shown  for  the  high  freestreas  turbulenoe  oase  in  Fig.  3(b)  in  terms  of  hot-wire  output  froa  the  probe 
mounted  in  the  freestreas  inlet  plane  at  aid-passage,  and  surfaoe  stagnation  point  aeaaureaents  of 
pressure  and  heat  transfer  rate.  Both  these  results  and  the  detailed  aeaaureaents  on  the  auotion  surfaoe 
are  presented  froa  tests  using  the  bar-passing  apparatus  described  above  with  just  1  bars  fitted,  as 
opposed  to  the  id  bars  necessary  to  aodel  the  oorreot  blade  passing  frequenoy  of  the  oold-alr  turbine 
design.  This  enables  individual  bar-passing  events  to  be  separated  in  tiae,  sinoe  it  is  difficult  to 
tall  whether  events  were  aerging  together  froa  the  14  bar  experiments  alone.  This  data  is  normalised 
with  respect  to  1  oyolea  of  the  bar-peeelng  event,  so  that  it  is  possible  to  relate  information  froa 
different  runs  In  teras  of  oycle  fraotloo.  The  signals  show  a  background  turbulent  level  extending  over 
about  40*  of  the  oyole  characterised  by  a  similar  type  of  signal  to  that  obtained  with  no  rotating  bars, 
ill  three  signals  have  a  periodic  aoapooent  at  bar-pasalng  frequency  with  two  obaraoterlstlo  parts! 

(1)  Over  about  4*  of  the  oyole  rapid  changes  In  level  of  the  order  of  5  to  10  pa  rise  and  fall 
times  are  observed.  The  pressure  signal  varies  by  ♦/-  25*  and  the  beat  transfer  rate  by  epproxlaately 
♦/-  30*.  Thlt  disturbance  le  attributed  to  ebook  waves  generated  as  the  bar  sweeps  past  the  oeaoade.  By 
examination  of  Soblieren  photographs  of  this  flow,  axamplaa  of  wblah  are  given  In  Fig.  T.  the  nature  of 
the  NOV  simulated  ebook  structure  oan  be  determined.  Clearly  two  ebooks  ere  associated  with  one  bsr- 
pssslng  svsnt.  tbs  how  and  reooapimsslon  shock!  that  would  bt  expected  at  tbs  bar  relative  Haoh  Nuaber  In 
steady  flow.  Tbs  separation  tiae  between  these  ebooks  is  ipproxiaately  Tina,  marked  as  it(  in  Fig.  5(b). 
and  la  assn  to  correspond  to  tbs  time  Interval  batweao  the  sharp  falls  In  level  to  the  edjaoaot  sharp 
peak. 

(li)  Following  these  rapidly  changing  events,  a  second  lass  marked  change  In  level  associated  with 
the  wake  is  also  visible  over  shout  10*  of  tbs  oyole,  marked  a*  tbs  'wake*  region  in  Fig.  3(b). 

UgfcJUSClmi  ant  C’l  hmuri— nri  nn  ft*  Suotlnn  Surfaoe 

TBs  natura  of  the  reaction  of  otherwise  laminar  boundary  layers  to  both  a  higher  level  of  Isotropic 
frees  trees  turbulenoe,  and  to  the  Intermittent  disUrbansee  oaused  by  the  wake  and  shook/  boundary  layer 
interactions  was  Investigated  in  more  detail  using  the  laatruaaotad  euotion  surface  shown  in  Fig.  Kb), 
end  these  results  are  presented  la  Fig.  f. 
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(a)  natural  Transition  of  tbs  Suction  Surface  Boundary  Layer 

Vide  bandwidth  heat  transfer  signals  obtained  from  the  surfaoe  thin  file  gauges  dearly  illustrate 
the  important  differences  between  the  low  and  high  freestreaa  turbulenoe  oases  as  shown  In  the  high 
frequenoy  traces  of  Fig.  6(a).  There  is  a  constant  spaaing  of  5  an  between  the  thin  fill  gauge  results 
shown,  starting  with  gauge  3  at  an  x/s  value  of  0.12  through  to  gauge  13  at  x/s  »  0.63.  The  low 
turbulenoe  oase  (Him  3723)  reaains  quiet  (laainar)  throughout  the  entire  Measuring  range  of  the  transient 
data  (to  z/s  *  0.63).  The  surfaoe  heat  transfer  for  the  high  freestrean  turbulenoe  oase,  while  starting 
soaewbat  higher  than  the  laainar  oase,  becoaes  increasingly  dominated  by  sharp  transient  events 
(oonslstent  with  the  theory  of  turbulent  spot  developoent,  growth,  and  gradual  larger  as  proposed  by 
Baaons*'  and  verified  by  aany  others  (a.g.  Sobubauer  and  Flebanoff*1).  These  spots,  whloh  raise  the  heat 
transfer  ooeffioient  instantaneously  to  high  turbulent  levels,  oontinue  to  grow  and  aerga  until  finally 
the  Husselt  Kuaber  signals  beooae  increasingly  oharaoterleed  by  the  'steady*  turbulent  levels.  It  is 
oletrly  seen  that  by  the  x/s  >0.63  station  the  flow  is  at  the  turbulent  level  Bore  than  half  of  the  tiae 
but  drops  precisely  to  the  undisturbed  laainar  values  between  the  turbulent  events.  In  other  tests 
oonduoted  st  1.3  x  Re  design,  the  boundary  laytr  was  fully  turbulent  at  this  location. 

The  physical  prooess  of  turbulent  spot  breakdown  to  turbulanoe  can  be  seen  in  Fig.  6(a).  The  growth 
and  rearward  oonveotloa  of  individual  turbulant  spots  le  olearly  seen  as  they  aove  along  the  blade 
surfaoe.  The  spot  signals  grow  in  height  end  width  as  the  spots  cover  aore  of  eaoh  suooeedlng  thin  film 
gauge  end  shift  in  tiae  downstream.  This  breakdown  process  is  quantified  in  aore  detail  in  Ashworth" 
where  intaralttanoy  levels  are  estimated  from  the  digital  tiae  records  and  spot  oonveotion  rates  ere 
estimated  from  orosa-oorrelatloc  analysis  of  adjoining  thin  film  signals. 

(b>  Detailed  Veka  end  Shock  Interaction  Bffeota 

It  is  possible  to  analyte  the  reaetion  of  the  blede  boundary  layer  to  the  wake  end  shook 
perturbations  with  2  bare  rotating  by  investigation  of  the  aequance  of  tiae- resolved  Nuaselt  Nuabar  plots 
given  in  Fig.  6(b). (a)  end  <d>.  The  high  freestreta  turbulence  oase  with  wakes  and  ebooks  present 
(Fig.  6(b))  le  markedly  different  to  the  naturally  transitional  boundary  laysr  (Fig.  6(a))  ovsr  the  first 
33%  or  the  surfaoe.  with  elallar  rapid  rteea  end  falls  In  Nuaselt  Kuaber  to  the  perturbations  evident  In 
Fig.  3.  This  shook  related  event  occurs  on  the  early  suction  surfaoe  due  to  a  shock/bound sry  layer 
lntereotloo  starting  at  gauge  3,  olose  to  the  crown  of  the  auction  surfaoe.  (xaalnetlon  of  the  Sohlleren 
photographs  (Fig.  7)  lodlaatea  that  the  shook*  first  lateraot  with  th*  boundary  layer  near  to  gauge  t, 
the  reflection  point  moving  toward*  th*  leading-edge  as  the  bar  aovea  in  the  ease  direction.  This  la 
visible  oa  the  early  gauges  oh  Fig.  6(b),  occurring  first  on  (tugs  ♦  than  soring  gradually  through  gauges 
7  end  3  end  finally  showing  oa  (sage  1.  The  rapid  drop  la  surfaos  Nuaselt  kuaber  la  attributed  to  an 
unsteady  separation  and  th*  rlsa  to  a  turbulent  re-attaohaent  both  caused  by  tha  shook  boundary  layer 
lhtaraot'so.  The  offset  or  th*  wake  la  not  olearly  diaaarsahla  la  Fig.  6(b)  and  to  aid  la  ldantlfloatloo 
of  this  the  bar*  war*  rotated  at  a  lower  speed  euoh  that  th*  bar  relative  Mach  Nuabar  was  eubaoalo.  Tbs 
results  of  this  are  shows  as  Fig.  6(o)  with  a  such  nor*  o)*arly  Identifiable  aohanoaaaat  In  bant  tranafar 
due  to  this  wake.  This  eitands  to  th*  later  gauges  of  th*  surface  pausing  the  boundary  layer  to  be  fully 
turbulent  over  th*  extent  of  th*  wake.  la  Pig.  6(d)  th*  background  turbulanoe  was  reduced  to  lea*  than 
0.t%  sad  tha  parlodto  disturbances  due  to  tba  bar-peeelng  assets  are  nor*  clearly  evident.  Th*  early 
auction  surface  baa  shock- reisted  pheacnan*  extending  wall  into*  the  aval*  period  with  apparent 
oeolllatlou  la  ftisaelt  Nuabar  aovlag  with  th*  shock.  Also  apparent  fro*  Fig.  6(d)  la  tbs  Intermittent 
nature  of  th*  turbulence  induced  in  the  boundary  layer  by  th*  wake  tad  shook  interaction,  as  th*  boundary 
layer  olearly  returns  to  it*  uadleturbad  taalaar  value  between  th*  parlodto  treats.  Th*  beat  tranafar 
lahkeiiaint  dee  to  th*  wake  la  olearly  avldeat  along  th*  whole  turf***. 

In  aueaary,  It  appear*  that  th*  abet*  o t  th*  turbine  boundary  layer  seems  to  b*  ooatrolled  by  tha 
level  of  fraeatraaa  turbultooa  exsept  during  the  Ua*  fee  whloh  tba  shook  and  wtk*  actually  pass  through 
th*  oatoade  paaaag*. 


In  Fig.  7  Sohlieren  photographs  showing  four  passages  of  tha  cascade  (marked  i  to  D)  are  presented 
for  flee  instants  in  the  bar-passing  oyole.  This  reflected  Sohlieren  technique  gives  changes  in  tone 
corresponding  to  the  integrated  effeots  of  density  gradient  aoross  the  span  of  the  oascade,  so  that 
events  running  normal  to  the  tunnel  sidewall  show  up  most  dearly.  With  no  bars  present  the  general  aid- 
tone  appearance  varies  most  at  the  tralling-edge  shocks  with  soae  affects  due  to  the  high  accelerations 
near  to  the  leading-edges.  The  photographs  in  Fig.  7  are  froa  the  2  bar  tests,  as  the  ploturea  become 
somewhat  oonfusing  in  the  high-frequenoy  wake-passing  case.  The  position  of  the  bar  is  shown 
corresponding  to  time  1.  2 <  ps  before  the  bar  reaohes  its  datum  position  at  $0*  to  the  tunnel  sidewall. 
The  tip  of  the  bar  enters  and  leaves  the  aasoada  when  tha  bar  radial  line  is  inclined  at  +/-  45*  to  its 
datum  position,  but  over  the  range  of  photographs  shown  this  angle  varies  froa  -3*  to  17*  thus  amounting 
to  11%  of  the  oyole  between  bar-passing  events.  The  shock  and  wake  events  are  evident  in  all  of  these 
I  photographs  as  is  detailed  here  for  each  of  the  times  in  Fig.  7i 

1.  The  bow  shock  is  visible  in  passage  C  as  a  thin  horlxontal  line  Just  touohlng  the  orown  of  the 

|  suotion  surface.  The  curved  and  of  this  shook  is  due  to  refraction  froa  the  leading-edge  of  the 

I  uppar  blade  of  this  passage,  as  the  shook  was  chopped  here  as  the  bar  swept  by,  vertically  downwards 

;  from  the  point  of  view  of  these  photographs.  Soae  weak  shook  activity  is  evident  in  passage  D.  as 

i  will  be  dlsoussed  below.  Passage  C  contains  some  ref looted  shook  aotivlty  associated  with  the  bar 

raoompression  shook.  The  wake  can  be  seen  as  a  mottled  region  in  paasage  1  oovering  more  than  half 
|  of  the  passage. 

v  2.  71 vs  later  the  bow  shook  has  passed  the  lower  blade  leading-edge  of  passage  C  and  is  now  being 

ref rested  froa  this  point-  Tha  reooapression  shook  is  now  in  passage  C,  with  its  distorted  shape  due 
f  to  reflection  effeots.  The  wake  is  now  visible  in  both  passages  i  and  B. 

3.  After  another  ilea  the  bow  shook  has  nearly  left  the  lower  passage  <D),  with  a  quite  strong  reflaoted 

shook  visible  as  a  eerie*  of  arcs,  due  to  the  three-dimensional  nature  of  the  shook  as  will  be 

described  below.  The  reooapression  shook  is  olose  to  the  leading-edge  of  the  upper  blade  of  passage 

i  D.  also  reflected  across  the  passage.  Tha  wake  is  steadily  encroaching  in  to  the  two  upper  passages 

i  (A  and  B> . 

i 

4.  Tbs  reflection  of  tbs  reooapression  shook  la  passage  C  1*  still  evident,  and  the  refraotlon  of  tha 

asm*  shook  la  the  lower  passage  is  now  overlapping  with  th*  reflection  of  the  bow  shook,  whioh  now 
also  la  reflecting  again  fro*  th*  pressure  surface.  The  wake  la  now  starting  to  appaar  in  paaaag*  C. 

5.  A  short  tin*  (10s*)  lstsr  th*  shook  activity  has  alsost  olssrsd  passage  C.  save  for  aooa  weak 

saooodary  reflections  of  tha  reoospresaloa  shook  still  svidsnt.  surprisingly  raflsotlng  again  off  th* 
suotion  surfaoe.  It  is  asswaad  thst  theta  weaker  shook  interactions  would  not  have  such  sffaot  on 
tha  boundary  layer  state,  but  oould  oaua*  some  of  the  oaollletiooa  la  heat  transfer  noticeable  only 
in  th*  case*  where  (tha  bar  relative  Hash  Kuabsr  corresponding  to  0^)  is  transonic. 


For  tha  five  time*  corresponding  to  th*  Sohlieren  photograph*  shewn  In  Fig.  7,  predictions  of  th* 
wake  position  war*  calculated,  th*  result*  of  whioh  are  shown  is  Fig.  I.  Th*  wak*  it  self  la  almost  1- 
dtaaealcoal  -  in  Form,  varying  vainly  is  height  across  th*  spaa  do*  to  th*  l-dlmsoaiooal  bar  geometry,  so 
that  only  a  l -dimensional  calculation  is  accessary.  The  procedure  follow*  that  described  in  Doorly*', 
mow  fully  automated  and  allowing  for  th*  spreading  of  th*  wak*  by  using  a  width  proportional  to  th* 
square-root  of  the  dleUaoe  fro*  the  bar  along  the  line  of  D|kal  with  th*  nonatant  of  proportionality 
derived  from  a  database  of  wak*  aennraninti.  The  prediction  procedure  la  an  follows t 


(1)  A  prediction  of  the  flowfield  velooity  is  aade.  in  this  otse  using  the  Denton  scheme44  end  stored 
by  the  program. 

(ii)  Ore^is  osloulsted  (assumed  constant  aoross  the  span),  the  oenter-line  of  the  undietorted  wake  is 
oaloulated  fro*  the  speoified  bar  position  and  the  width  added. 

(ill)  The  wake  is  shifted  baok  in  tiae  so  that  the  oar  will  return  no  its  correct  position  following  the 
■arching  prooess  of  the  prediction  routine. 

(It)  Fro*  this  initial  position  elements  of  the  wake  are  oonveoted  by  small  time  steps  using  the  local 
velocity  interpolated  from  the  prediction  until  the  bar  reaches  the  speoified  location.  The 
differential  velocities  in  the  flowfield  oause  distortion  of  the  wake  along  its  length  and  aoross 
its  width  as  it  is  aooeleratsd  through  the  passage. 

This  sisple  aohejas,  which  oould  bo  incorporated  in  the  blade  design  prooess.  agrees  well  with  the 
poeltiono  of  the  wake  on  the  Sohlieren  phot. -.graphs,  so  that  *.st  f: notion  of  time  that  the  heat  transfer 
rate  to  the  surfaae  is  sffeoted  by  the  wake  could  be  oa.'aolitad  end  included  in  the  lntensittenoy  term  of 
a  prediction.  It  slso  demonstrates  that  to  the  level  of  our  Measuring  ability  aeoond-order  effeota  auoh 
as  the  "negative  Jet"  effeot  do  not  signifioantly  affeot  the  wake  position,  aa  referred  to  in  Doorly**. 
and  that  tho  assumption  that  this  flow  unsteadiness  say  be  superimposed  on  the  steady  flowfield  is  e 
valid  approximation. 


Although  it  was  possible  to  model  the  wake  in  2-dimenaional  terms,  the  shook  atruoturs  associated 
with  the  transonic  nature  of  the  bar  (as  varies  from  1.0(  at  the  hub  to  1.23  at  the  tip)  la  not 

atriotly  2 -dimensional .  as  has  been  seen  in  the  Soblleron  photographs  (Fig.  7).  An  attempt  was  sada  to 
predict  the  positions  of  the  bow  and  reoompreesion  ebooks  duo  to  the  bar  ;o  order  to  allow  trajeotory 
rate  calculations  to  be  mods  relating  to  the  heat  transfer  measurements .  and  to  eio  in  understanding 
phenomena  observed  in  the  Sohlieren  photographs.  An  exaaple  of  auoh  a  prediotlon  is  presented  as  Fig.  ». 
The  prediotlon  is  based  on  the  assumption  that  for  a  email  element  of  the  bar  the  flow  ia  2~dlaansional 
with  reapeot  to  the  plane  containing  and  noraai  to  the  bar  axis,  a  quesi-3-dimenelonal  approaoh 
described  in  detail  in  Ashworth4'.  As  libraries  in  both  magnitude  and  direction,  so  does  ths  associated 
shook  atruoture.  and  unlike  the  wake,  this  variation  should  be  aooouoted  for.  Tbs  method  or  prediotlon 
was  computerised  as  follows i 

(1)  For  aeeumed  oooetant  inlet  conditions  end  a  specified  position  of  the  bar  H  ^  is  oaloulated  and 
it*  direction  determined. 

(U)  The  equation  of  the  bow  ebook  in  the  2-dimeoeioael  plane  described  above  Is  derived  from  H  j  using 
the  method  described  in  Shapiro",  ebook  properties  and  turning  angles  obtained  by  ourve-flt 
equation*  where  necessary  over  a  range  of  Kaoh  ttuabar  from  1.0  to  l.J. 

(ill)  Tba  decompression  shook  ia  asauaed  to  ba  straight  and  lnollned  at  tha  Hash  angle  (slo~‘l/Hr(i)  to 
the  direction  of  M  with  a  virtual  origin  two  diameters  downstream  of  tba  bar. 

Uv)  tha  shocks  are  obopped  and  refracted  if  the4  are  downstream  of  tba  blada  axial  leading -edge  point, 
with  allowance  mad*  for  raganeratlon  of  the  shook  a*  It  lavst  away  fro*  this  point. 

(v)  Finally  the  points  of  lntaraaotlon  with  tha  blade  auction  surface  are  oaloulated,  sad  the  ebook* 
are  simply  reflaoted  fro*  as  origin  mid-way  between  the  two  lotemotlon  point*. 

Comparison  with  tha  Sohlieren  photographs  i*  encouraging,  tha  position  shown  in  Fig.  *  corresponding 
to  time  1  In  Fig*  ?•>  sad  it  is  hoped  that  information  fret-  this  slspltfiad  modal  will  prows  useful  aa  aa 
aid  to  under* tending  tba  ooaplex  shook  movements  in  turbln*  passages,  in  spit*  of  tb*  saay  simplifying 
sasumptlaw  «*d#  to  this  prediotlon  (such  as  allowing  for  no  variation  of  the  frmaatrmam  velocity). 

GtiNttJIAlttUI 

16  hae  teen  established  during  the  oouree  of  this  study  that  the  Xssntroplo  Light  Alston  Tunnel 
facility  combined  with  tb*  wide  bandwidth/ high  stapling  rat*  test  t.-ansfar  Instrumentation  has  proved 
capable  of  trmoklng  vary  rapidly progroaelsg  unsteady  evsats  la  *  tmsomlo  boundary  layer.  Operating 
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under .  a  simulated  unsteady  gas  turbine  rotor  envlronaent,  sensitive  detention  and  precision  tracking  of 
transient  stock,  wake  and  boundary  layer  transitional  events  was  aocoapliebed. 

A  second  major  outooae  of  this  study  was  the  observation  that  the  strong  unsteady  interaction  of  a 
double  shock  and  a  simulated  NOT  wake  with  the  rotor  boundary  layer  did  not  have  any  measurable  •long- 
tern"  effects  apart  froa  the  strong  excursion  in  heat  transfer  associated  with  the  actual  passing  of  the 
shocks  and  wake.  The  heat  transfer  fluctuation  levels  were  essentially  unchanged  far  reaoved  froa  the 
disturbance  (in  tine)  and  nearly  identical  at  the  rearnost  measuring  point  except  for  a  turbulent  patch 
associated  with  the  shock/wake  event  Itself. 

The  interaction  of  the  shocks  and  wake  with  the  rotor  establishes  in  sore  detail  the  earlier 
observation  of  Ashworth  et  ml.*'  and  Doorly  and  Oldfield*  of  strong  changes  in  local  host  transfer 
coefficient.  The  traoklng  of  the  interaction  over  the  surface  could  be  followed  with  sons  preoislon  wit): 
the  tine  resolution  of  the  lnstrunantation  used. 

Predictions  of  the  positions  of  both  the  wake  and  shook  structures  caused  by  the  bar  are  aost 
enoouraging,  as  they  are  baaed  on  siaplified  aodels  easily  incorporated  in  the  design  prooess.  unlike 
many  other  methods  which  are  to  unwieldy  for  turbine  designers  to  use.  They  both  ere  based  on 
superiaposing  the  unsteady  struoturrs  on  existing  stsady-state  information,  tnd  as  auoh  err**  well  with 
aeaaured  deta. 
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fig.  1(a)  Arrangement  of  the  rotating  bar  eehe 
saner a tor  atul  eaeeede. 


fig.  1(b)  Velocity  ttlanglee  at  Inlet  for  the 
steady  aotrlnal  dealgn  eaae  at  *14- 
apan.  ahoulng  the  reduced  Incidence 
gauged  by  the  deficit  la  the  wake. 


HI 

*h»dei 

Sdlwt 

«/> 

M<g 

StiS 

*/> 

i 

9.63 

13 

a.os 

i 

9. SO 

} 

e.i? 

1! 

5.1* 

} 

e.ss 

i 

e.?< 

1? 

0.?4 

i 

p.il 

t 

o.w 

13 

0.31 

t 

O.IS 

$ 

O.i? 

M 

C.J3 

4 

0.1? 

6 

o.t? 

>4 

0.U 

« 

0.54 

1 

e.J! 

<9 

5.4) 

1 

6.5* 

1 

e.»f 

U 

5.41 

* 

0.31 

9 

O.tb 

id 

s.a 

1 

0.34 

0.14 

to 

0.39 

?4 

0.S3 

11 

tf.ij 

5t 

0.M 

If 

0.4# 

it 

0.M 

u 

e.S! 

u 

e.ie 

14 

o  « 

*4 

0,13 

If 

«.»l 

l»J  <M 

rt*.  )U!  Ce-ufluiti  el  the  ariglul  heat  tnaiitr  fatiu  ate  lit  blade  yietlU. 

n«.  1(h)  Cjetflaalet  of  sM  beat  tnaifer  iw|h  foe  Ud  detailed  tactiaa  wlala  t(W|, 
teferrod  to  (a  dm.  4. 


3-11 


SUCTION  SURFACE  FRACTIONAL  PERIMETER  PRESSURE  SURFACE 
T/E  L /..  T/E 

Pig .  3(a)  Effect  of  freestream  turbulence  level  on  moan  heat  transfer  rate  without  wakes  for 
the  nominal  design  case,  M2  ■  1.18,  Re  ■  0.919E6. 


SUCTION  SURFACE  FRACTIONAL  PERIMETER  PRESSURE  SURFACE 
T/E  L'F  T/E 


Fig.  3(b)  Effect  of  wake  and  shock  Interaction  on  mean  heat  transfer  rate  at  the  high  free¬ 
stream  turbulence  case  ('  31)  and  deelgn  operating  conditions.  Inset  are  typical 
transient  recorder  signals  for  the  18  bar  experiment  at  two  x/e  locations  shoving 
a  1  ma  Interval  of  the  record  together  with  *he  time-averaged  valuea  without  the 
wake  and  ahock  interactions. 


i 

i 


SUCTION  SURFACE  FRACTIONAL  PERIMETER  PRESSURE  SURFACE 
T/E  L/E  T/E 


•*lg.  3(c)  Effect  of  weke  end  ahock  interact  Ion  on  asaan  heat  tranalar  rat#  for  the  low  fr*o- 
atraaa  turbulence  caae  (<  .81),  otherwise  ae  in  M(>  3(b). 
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SUCTION  SURFACE  FRACTIONAL  PERIMETER  PRESSURE  SURFACE 
T/E  HE  T/E 

Fig.  9(e)  Effect  of  incidence  variation  on  Bean  heat  transfer  rate  at  the  nomlnai  design  case 
(H2  *  1.18,  Re  •  0.919E6)  with  no  wake  and  shock  interaction. 


Fig.  4(b)  Effect  of  Incidence  variation  on  seen  surface  leentrvple  Mach  Humber  at  the  noeinsl 
daalgn  cans  (Hj  *  i.  18.  *»  •  0. »!«»). 
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Pig.  8  Predicted  wake  positions  at  tinea  corresponding  to  the  Schlieren  photographs  in  Fig.  7. 
The  two  lines  for  each  time  are  the  leading  and  trailing  edges  of  the  highly  turbulent 
wake  region. 
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DISCUSSION 

PJUmette,  Fr 

The  wake  is  induced,  in  your  experiment,  by  a  bar  with  a  diameter  corresponding  to  the  nozzle  trading-edge  section, 
which  is  symmetrical,  while  the  nozzle  wake  is  non-symmetrical.  Consequently,  you  do  not  have  the  same  gradients. 
How  representative  of  a  nozzle  wake  effect  is  your  experiment? 

Author’s  Reply 

The  work  reported  here  is  the  follow-up  of  work  carried  out  on  a  different  profile,  with  a  lower  relative  bar  Mach 
Number,  as  reported  by  Doorly27.  Prior  to  these  tests,  static  tests  were  carried  out  by  inserting  a  bar  in  a  cascade  with 
NGVs  mounted  in  the  same  test  section.  It  was  therefore  possible  to  traverse  both  bar  and  nozzle  wakes  and  it  was 
noted  that  the  bar  wake  was  quite  representative  of  the  NGV  wakes.  The  larger  momentum  deficit  corresponding  to  the 
suction  side  boundary  layer  that  one  would  expect  to  contribute  to  the  asymmetry  did  not  appear  to  be  significant  and 
we  assumed  the  same  to  be  true  for  our  cascade.  It  is  worth  noting  that  the  weaker  shock  in  the  experiments  reported  by 
Doorly1"3  only  caused  a  boundary  separation  once  the  shock  passed  the  leading  edge  of  the  blade.  It  is  very  interesting 
that  quite  different  results  can  be  obtained  from  similar  experiments  with  only  a  few  parameters  altered,  the  most 
important  of  which  is  the  shock  strength. 

27Doorly,  DJ„  “A  Study  of  the  Effect  of  Wake  Passing  on  Turbine  Blades”,  D.  Phil  Thesis,  University  of  Oxford, 

1983.  W 
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1.  INTRODUCTION 

The  design  of  blade  profiles  for  turbo-machines  is  becoming  more  and  more  demanding 
as  a  result  of  the  requirement  for  reduced  fuel  consumption  and  more  compact  higher  per¬ 
formance  engines.  Thus  blades  with  lower  losses  and/or  a  greater  work  potential  are  an 
essential  future  requirement  but  these  objectives  must  not  be  achieved  at  the  expense  of 
mechanical  reliability.  The  actual  target  for  a  blade  design  will  depend  upon  the  engine 
type}  for  a  long  range  civil  transport  efficiency  and  relability  are  all  important  where¬ 
as  with  a  military  fighter  high  performance  and  minimum  engine  weight  may  be  the  prime 
c-'jective..  It  is  towards  the  latter  performance  that  the  work  described  in  this  paper  is 
aimed  as  the  lessons  learnt  will  have  direct  relevance  to  the  more  lightly  loaded  but 
higher  efficiency  civil  target. 

Blade  design  methods  have  until  recently  relied  upon  simple  2d  correlations  of  cas¬ 
cade  experimental  results  for  the  choice  of  incidence,  space/chord  ratio,  deviation, 
choke  margin,  working  range  etc.  using  blades  with  a  geometric  profile  description.  These 
methods  have  many  obvious  disadvantages  particularly  since  modern  turbo-machines  demand 
blade  profiles  which  are  often  well  outside  the  limits  of  existing  correlations  and  are 
no  longer  adequately  modelled  by  2D  cascade  tests.  Thus  to  achieve  the  best  overall  perfor¬ 
mance  a  more  sophisticated  blade  profile  design  method  is  essential.  Such  methods  are  now 
available  and  they  involve  the  determination  of  the  blade  profile  pressure  distribution 
and  an  assessment  of  the  associated  boundary  layer.  In  particular,  in  the  blade  design 
process,  it  is  essential  to  define  a  blade  on  which  boundary  layer  separation  is  avoided 
or  at  least  minimized. 

In  setting  up  the  mathematical  model  to  represent  the  above  procedures  a  large  number 
of  assumptions  must  be  made  and  it  is  therefore  essential  to  chock  that  an  adequate  re¬ 
presentation  of  the  real  flow  has  been  achieved.  It  is  the  purpose  of  the  work  reported 
in  this  contribution  to  obtain  comprehensive  and  accurate  experimental  data  under  quasi- 
3D-flow  conditions  against  which  to  validate  the  above  blade  design  procedures  and  to 
establish  their  suitability  as  an  engineering  design  tool.  The  experimental  target  chosen 
for  this  investigation  was  a  cascade  having  a  design  point  inflow  Mach  number  of  0.85  and 
flow  turning  of  50°  since  this  represents  a  typical  requirement  for  the  hub  sections  of 
current  compressors,  (see  figure  1 ) .  The  experiments  were  performed  on  the  cnosen  cascade 
in  the  High  Speed  cascade  wind  Tunnel  of  the  DFVLR  Braunschweig. 


2.  DESCRIPTION  OF  BLADE  PROFILE  DESIGN  AND  PERFORMANCE  ASSESSMENT 
2.1  Prediction  procedures 

Modern  methods  of  blade  profile  design  oro  in  general  based  upon  the  determination  of 
the  surface  pressuro  distribution  as  a  stop  in  obtaining  the  related  boundary  layer  cha¬ 
racteristics.  There  are  many  such  theoretical  methods  available  e.g.  (11,  C23,  C 3 3 ,  M3, 
which  can  range  from  a  quasi-lD-timo  marching  method  with  a  linked  boundary  layer  model 
to  a  fully  3D  viscous  procedure.  The  method  used  in  this  contribution  represents  the  flow 
as  indicated  in  figure  2a  (i.e.  quasi  3D!  with  an  lnviscid  cere,  the  characteristics  of 
which  are  determined  by  time  marching  methods  described  by  Carrhar  and  Kingston  C20J.  The 
boundary  layer  is  represented  as  described  below.  The  time  marching  technique  Integrates 
the  time  dapendant  equations  of  motion  with  respect  to  time  until  s  steady  state  solution 
Is  obtained.  The  equations  are  solved  in  a  finite  volume  form  using  a  grid  of  quasi  stream¬ 
lines  which  are  intersected  by  pltehvise  lines-typically  20  quasi  streamlines  and  up  to 
100  equally  spaced  pltehvise  lines  are  specified.  This  time  marching  calculation  is  used 
iteratively  with  tho  boundary  layer  calculation  which,  when  combined  with  the  blade  profile, 
defines  the  affective  flow  boundary. 

An  aspect  of  major  Importance  is  the  variation  of  stream  tube  thickness  at  all  sta¬ 
tions  axially  through  the  cascade.  This  variation  in  stream  tube  thickness,  in  the  axial 
direction,  can  have  any  specified  variation  although  for  the  prediction*  discussed  below 
a  linear  variation  as  shown  in  figure  2a  has  been  used.  The  real  axial  variation  of 
stream  tube  thickness  is  difficult  to  determine  experimentally,  but  theoretical  investi¬ 
gations  reported  by  Stirk/llohelsel  ($3  showed  a  possibility  to  define  the  axial  velocity 
density  ratio  a  for  comparison  of  predicted  and  measured  roaults,  These  results  are  sup¬ 
ported  by  ID  lnviscid  time  marching  calculations  for  the  cascade  considered  in  title  con¬ 
tribution.  Figure  2b  demonstrates  a  comparison  of  results  obtained  by  the  two  different 
methods,  for  the  incompressible  flow  condition  by  the  method  of  C S3  and  for  the  actual 
Mach  number  of  Mai  >0.8  using  s  ID-tlme  marching  method.  The  agreement  of  the  so  called 
'transitioh  function*  Is  very  good  and  confirms  the  dominant  influence  of  the  aspect  re- 
tic  of  the  blade.  As  was  found  in  C 6 3  no  Msch  number  influence  for  MaiO.8  can  bo  iden¬ 
tified  from  the  present  results.  It  will  be  noted  that  there  is  an  approximate  linear 
variation  of  stream  tube  thickness  from  inlet  traverse  plane  to  exit  traverse  plane  for 
the  investigated  cascade  which  baa  a  blade  aspect  ratio  of  h/c  “  3.75. 


3.2.  boundary  layer  method 

The  assessment  of  the  boundary  layer  characteristic*  is  the  main  objective  of  the 
calculations  as  it  is  only  in  this  way  that  the  blade  performance  can  be  judged.  An  essen¬ 
tial  point  o'  this  assessment  is  the  determination  of  the  change  'point*  between  laminar 
and  turbulent  boundary  layers  and  the  manner  In  which  the  boundary  layer  reacts  at  this 
point.  There  ere  basically  three  possibilities 


4-3 


(i)  change  to  a  turbulent  layer  without  separation  (transition) 

<ii)  separate  and  then  reattach  immediately  as  a  turbulent  layer 
Ciii)  separate  completely  or  reattach  after  a  significant  bubble. 

The  transition  and  laminar  separation  prediction  methods  used  are  based  on  the  correla¬ 
tions  shown  in  figure  3.  Concerning  the  transition,  these  correlations  account  for  local 
values  of  pressure  gradient  X,  laminar  boundary  layer  state  Re{2  and  local  turbulence 
level  C73.  Figure  3b  is  used,  when  laminar  separation  is  predicted,  to  determine  whether 
or  not  reattachment  can  be  assumed  to  follow  immediately  or  complete  separation  is  the 
more  likely  event.  This  curve  must  be  ..considered  some  what  speculative  as  it  contains  only 
the  local  pressure  gradient  and  boundary  layer  state  just  upstream  of  the  separation 
point,  where  as  other  parameters  such  as  turbulence  level  etc.  could  have  a  major  influ¬ 
ence  (83. 

The  methods  used  to  determine  the  turbulent  boundary  layer  parameters  are  those  of 
Truckenbrodt  C93  but  with  two  changes.  The  first  being  that  the  numerical  constant  "A" 
in  the  momentum  thickness  equation  given  in  C73  as 


has  been  increased  from  A  =  0.037  to  0.07.  The  value  cfc  is  given  as 

s  ■  m^T 

The  second  modification  is  related  to  the  subsidiary  shape  factor  correlation 


H  -  f  (H12)  (3) 

The  method  relies  on  a  relationship  between  the  calculated  subsidiary  shape  factor  H  and 
the  shape  fsctor  2  for  the  determination  of  and  Preliminary  predictions  for  one 
experimental  test  condition  indicated  that  the  original  curve  of  figure  4  under-predicted 
tho  values  of  (and  hence  4i)  and  that  a  revised  curve  resulted  in  niuah  bettor  agree¬ 
ment  with  the  present  experiments.  This  revised  curve  was  then  used  for  all  tho  subse¬ 
quent  predictions. 

The  invisaid-viscous  interaction  model  described  will  thus  produce  tho  boundary  layer 
parameters  at  the  blade  trailing  edge.  A  method,  wivtoh  follows  Stewart’s  analysis  CIO), 
was  than  used  to  compute  tho  mean  outlet  air  angle  and  the  total  pressure  loss. 


J.  EXPERIMENTAL  INVESTIGATION 
3.1  Apparatus  and  cascade  geometry 

The  experimental  investigations  were  carried  out  in  tho  High  Speed  Cascade  wind  Tun¬ 
nel  of  the  DFVLR  at  liraunschwelg  (113,  now  in  operation  at  Munich  (  1  23  ,  (  133  .  The  tunnel 
was  installed  in  a  tank  which  could  be  evacuated  from  1  to  0.05  bar  (see  figure  5) .  An  in¬ 
dependent  variation  of  Mach  number  and  Reynolds  number  was  possible.  The  degree  of  turbu¬ 
lence  was  mainly  Tu)  M  land  could  be  achieved  using  grids  of  crossed  bars  upstream  of 
the  cascade  (14).  Only  some  investigations  were  carried  out  on  a  lower  turbulence  level 
of  about  Tui  *  1  t  using  no  grids.  The  tunnel  had  a  test  section  width  of  ha  300  mm  and  an 
adjustable  height  of  250  to  SOO  mm  depending  oh  the  inlet  angle. 

The  investigations  ware  carried  out  on  a  so  called  “V?  double  circular  arc  blade"  de¬ 
signed  to  achieve  50°  of  deflection  at  an  inlet  Mach  number  of  Ma^«0.3$  (figure  6)  .  The 
coordinates  of  the  blade  Shape  are  given  in  table  V.  with  a  chord  of  c *  80  mm  resulting 
in  an  aspect  ratio  of  h/e»3.75.  Wake' traverse  measurements  (total  pressure,  static  pres¬ 
sure  and  outlet  flow  angle)  at  mldspen  position  were  performed  with  a  wedge  type  probe 
til)  located  at  30 t of  chord  axially  downstream  of  the  blade  trailing  edge  plane.  Surface 
pressure  distributions  also  at  midspan  position  were  measured  using  static  pressure  tap¬ 
ping#  on  the  suction  and  the  pressure  sides  of  the  blades  adjacent  to  the  centre  blade. 

boundary  layer  measurements  at  midspan  position  of  the  blade  were  carried  out  at 
different  positions  of  the  blade  suction  surface  and  in  some  Cases  on  pressure  surface 
but  near  the  trailing  edge  only.  These  boundary  layer  measurement*  were  done  using  a  two- 
finger  probe  specially  developed  for  boundary  layer  sw-tsorefMmt*  of  the  highly  loaded 
compressor  cascade  V2.  The  probe  measures  the  static  pressure  up  to  a  wail  distance  of 
1,(0  mm,  the  height  of  th*  flattened  Pitot  probe  amount*  to  O.lb  mm.  The  probe  was  cali¬ 
brated  for  Maul)  and  Reynold*  number,  flow  angle  and  turbulence  level.  Corrections  were 
applied  from  theta  calibrations  on  the  basis  of  *  comparison  with  flat  piste  experiment* 
CIS!  end  with  measurements  by  a  lsser-Ooppisr  enastomstsr  respectively  M(J, 

Changes  In  AVDR  through  e  cascade  can  be  obtained  by  varying  the  amount  of  air  re- 
aoved  through  porous  side  well*.  Two  side  mil  conditions  were  applied  in  the  present  in¬ 
vestigation,  solid  sad  porous  (sketch  a  in  fig,  6).  When  apply  lug  different  aids  wall  coo- 
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j  j  conditions  it  is  necessary  to  achieve  the  same  stream  tube  contraction  at  midspan  of  the 

j  ;  t  cascade.  To  control  this,  the  pressure  distribution  on  blade  surface  indicates  the  local 

I  !  variation  of  stream  tube  thickness.  However,  under  certain  circumstances  the  axial  dis- 

!  tribution  of  stream  tube  thickness  can  have  a  dramatic  influence  on  cascade  performance 

:  :  j  as  evidenced  by  prediction  and  test  results  respectively.  After  a  series  of  careful  call- 

i  }  bration  tests  sufficient  agreement  between  the  solid  and  porous  side  wall  conditions  on 

j  !  !  the  mid-span  blade  pressure  distribution  has  been  achieved.  Figure  7  demonstrates  two  re- 

:  suits  for  the  case  of  a  subcritical  and  a  supercritical  flow  condition  respectively.  Only 

very  small  differences  especially  in  the  front  part  were  observed.  Very  good  agreement  was 
'  achieved  also  on  inlet  and  exit  angle  for  the  two  different  side  wall  configurations. 

Further  discussion  of  this  topic  is  given  in  reference  E 5 3  and  C6I. 


3.2  Data  evaluation 

The  wake  data  were  evaluated  by  transforming  the  non-homogeneous  flow  in  the  measu¬ 
ring  plane  into  an  equivalent  homogeneous  flow  by  applying  the  laws  of  conservation  [17:. 
This  evaluation  leads  to  the  total  pressure  loss  coefficient  which  is  defined  as 

r  „  P°1  ~  P.°i  (4) 

<V1  pQl  -  P, 

the  turning  angle 


and  the  axial  velocity  density  ratio  (AVDR) 


In  quas i-threed lmens Iona 1  flows  with  axial  velocity  variations  shown  in  fig.  2b,  the  re¬ 
sults  depend  on  the  location  of  the  traverse  plane.  Therefore,  they  are  regarded  as  local 
values  (index  1).  Final  values  at  upstream  anu  downstream  infinity  respectively  may  bo 
predicted  from  the  local  values  using  the  transition  function  (see  fig.  2). 

For  the  pressure  distribution  a  non-dimensional  coefficient  is  doflnod  as 
p(x/c)-p, 

c  .  «*  -  ■  V  •  J 

pi  PQ1  -  Pi 

Tho  boundary  layer  data  were  evaluated  applying  a  now  duflnlton  of  the  Integral  va¬ 
lues  C18I,  which  takes  the  varying  static  pressure  within  the  boundary  layer  into  account. 
For  this  method  "aallod  evaluation  C3*  tho  displacement  thickness  is  given  by 


j  y Ppw  *  V  °pw  *  wp«  / 


and  the  momentum  thickness 


«  .  f  da 

2  J  #pv  *  V  \wpw  wpw  / 


Under  the  assumption  of  constant  static  pressure  across  the  boundary  layer  "called  evalu¬ 
ation  A*  the  oquu.  (8)  and  (9)  lead  to  the  standard  definition,  a.g.  for  the  momentum 


at  ton  A*  the  equu.  (8)  and  (9)  lead  to 
thickness 

4 


f  ciiLi-SMai  / 1 

J  #-*w-  \ 

n  -  ' 


The  degree  of  turbulence  in  the  Inlet  plane  Is  defined  as 


where  v. '  Is  the  fluctuating  velocity  component  In  the  direction  of  v(  obtained  from  a 
aingle  not-vire  probe  placed  normal  to  the  free  stream  velocity. 


1.3  Cascade  performance 

A  comprehensive  test  programme  comprising  wake  and  pressure  distribution  measurements 
for  s  number  of  inlet  englee,  Mach  numbers  and  AVOA-values  lead  to  the  caecade  per for- 
nance,  figure  8  denonetratee  the  influence  of  AVOR  on  turning  angle  and  loss  coefficient 
for  different  Kach  numbers  at  constant  inlst  angls.  for  tha  design  K»uh  number  Ha.  *  0.85 
the  mianwm  losses  will  be  achieved  «t  a  flow  condition  of  rslstlvely  high  acceleration 
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which  characterizes  the  performance  of  the  present  cascade  V2.  This  loss  characteristic 
is  the  result  mainly  of  the  suction  side  boundary  layer  behaviour  as  shown  in  figure  9. 

In  this  diagram  the  regions  where  separation  or  choked  conditions  occur  are  marked. 
Similar  plots  of  the  loss  coefficient  at  different  inlet  angles  lead  to  the  cascade  per¬ 
formance  plotted  in  flguro  10  as  loss  coefficient  versus  inlet  angle  at  the  constant  Mach 
number  Mai  =0.8.  At  this  high  Mach  number  the  inlet  angle  for  minimum  loss  will  be 
strongly  influenced  by  the  AVDR-value.  Taking  these  effects  into  consideration  the  bound¬ 
ary  layer  Investigations  were  undertaken  for  the  following  flow  conditions: 

1.  Near  maximum  deceleration  w2/w^  (stalled  condition,  nmin) 

2.  At  minimum  losses,  ;vmin 

3.  Choke  separation,  flmax-values. 

The  boundary  layer  test  programme  can  be  seen  from  figure  9  at  B,  =49.5°,  and  for  differ¬ 
ent  incidence  angles  from  figure  10,  where  the  inlet  angles  are  marked  by  arrow.  Only 
boundary  layer  results  of  the  suction  side  will  be  presented. 


4.  COMPARISON  OF  PREDICTION  AND  EXPERIMENTAL  RESULTS 

4.1  Influence  of  pressure  gradient  on  boundary  layer 

As  mentioned  before  two  different  data  evaluation  methods  were  applied  to  the  bound¬ 
ary  layer  measurements.  Flqure  1 1  shows  for  an  arbitrary  test  condition  the  boundary 
layer  velocity  profiles  on  the  suction  side  with  constant  (closed  symbols,  evaluation  A) 
and  with  variable  static  pressure  (open  symbols,  evaluation  C3)  within  the  boundary  layer. 
The  variation  of  static  pressure  (diagram  B)  yields  higher  nondimens lonal  velocities  com¬ 
pared  with  the  evaluation  taking  the  wall  static  pressure  as  constant  throughout  the 
boundary  layer.  The  main  reason  for  this  is  a  lower  reference  velocity  at  the  edge  of  the 
boundary  layer.  Therefore,  the  variable  static  pressure  can  alter  the  integral  boundary 
layer  results  up  to  15*  .  The  corresponding  deviation  of  the  Integral  values  for  some 
cases  of  the  present  boundary  layer  investigations  can  ho  taken  from  table  2  and  3  respec¬ 
tively.  For  comparison  of  the  measurements  with  the  prediction,  tost  data  from  evaluation 
C3  (variable  static  pressure)  has  been  used. 


4.2  Influence  of  turbulenoo  on  “transition" 

In  the  test  programme  a  wide  range  of  tost  conditions  has  beer,  covered,  see  section  3, 
in  order  to  obtain  tho  total  range  of  boundary  layer  conditions.  Figure  12  illustrates 
the  effoct  of  two  different  inflow  turbulence  lovols  (4  %  and  1  *)  for  two  different  Mach 
numbers.  Using  tho  methods  of  section  2a  laminar  separation  followed  by  immediate  reat¬ 
tachment  is  predicted  (indicated  by  tho  arrows)  and  this  ts  nearly  consistent  with  the 
experimental  results  for  the  case  of  high  turbulence  (4  ») .  At  the  lower  level  of  turbu- 
lonoo  some  form  of  laminar  separation  bubble  appears  to  exist  causing  a  deviation  in  the 
pressure  distribution.  Thus  it  is  concluded  that  turbulence  must  have  a  significant  ef¬ 
fect  on  tho  oxistenao  and  extent  of  laminar  separation  bubbles  and  must  be  Included  In 
any  bubble  prediction  correlation.  If  a  laminar  separation  bubble  exists  the  correla¬ 
tions  of  transition  aro  rather  uncertain,  as  was  found  on  turbine  cascade  Investigations 
C 1 9 3 »  therefore  further  experimental  data  are  required  to  aaltleve  more  confidence  in 
tho  prediction  of  transition. 


4.3  Surface  pressure  distribution  and  boundary  layer  parameters 

Flqure  1 3  shows  a  comparison  between  predicted  and  measured  blade  surface  pressure 
distribution  for  three  inlet  Haob  numbers  near  minimum  loss  operating  conditions 
{il^»  1.20,  fig.  13a)  and  for  a  higher  deceleration  rate  wj/v.  (n><  1.20,  fig.  13b)  respec¬ 
tively.  The  comparison  is  shown  to  be  acceptable,  with  the  exeptlon  of.  the  leading  edge 
region  on  suction  surface  at  supercritical  Inlet  Had)  number.  There,  tho  measured  accel¬ 
eration  is  shifted  upstream  presumably  because  of  different  stream  tube  thickness  bet¬ 
ween  measured  and  predicted  flow  condition. 

The  measured  boundary  layer  velocity  profiles  at  the  some  flow  conditions  as  tho 
pressure  distributions  are  shown  In  figure  14.  It  will  be  seen  that  for  all  Mach  numbers 
boundary  layer  separation  occurs  at  It),  <  i  .J'6'  iosmwhere  between  88  t  and  99  4  chord.  This 
behaviour  la  in  agreement  with  the  measured  pressure  distribution  results.  The  beginning 
of  the  boundary  layer  separation  at  »  i,2o  Is  limited  to  98  I  chord . 

The  predicted  and  measured  local  boundary  Integral  values  at  the  same  flow  conditions 
as  before  are  shown  In  figure  IS.  The  agreement  between  predicted  and  measured  values  is 
also  shown  to  b«  acceptable,  At  the  design  Mach  number  Ma^  «0.8S  higher  momentum  thick¬ 
nesses  are  indicated  compared  with  the  predicted  results.  In  the  prediction  no  shock 
boundary  layer  Interference  is  considtred,  which  can  be  assumed  from  the  measured  pres¬ 
sure  distribution  seen  in  figure  13  and  schlteren  measurements  not  shown  here.  Th«se  re¬ 
sults  when  compared  with  the  information  of  figure  14  indicate  that  turbulent  boundary 
layer  separation  will  occur  at  shape  factors  in  usees*  of  2.S.  Tho  presented  bound¬ 
ary  layer  dote  are  only  a  selection  from  the  total  teat  programme  but  they  give  confi¬ 
dence  in  the  prediction  method  used. 

It  should  bo  noted  that  all  the  predictions  carried  out  above  ware  made  at  design  In- 
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cidoKca  and  near  minimum  loss  conditions.  However ,  it  is  necessary,  when  producing  a 
blade  design  for  engine  application  to  determine  the  operating  range  in  terms  of  inci¬ 
dence  capability  and  flow  choke  margin.  For  the  highly  loaded  blades  being  considered  in 
this  contribution  considerable  difficulty  was  experienced  in  achieving  acceptable  predic¬ 
ted  results  at  these  off  design  conditions.  The  discrepancies  are  generally  accepted  to 
be  due  to  the  inability  of  the  time  marching  methods  to  adequately  model  the  flow  when 
large  local  variations  in  pressure  gradient  exist  and  the  boundary  layer  procedure  to  be 
a  realistic  representation  when  large  regions  of  separated  flow  are  present.  Some  experi¬ 
mental  results  for  these  off  design  conditions  are  included  in  table  3. 


4.4  overall  performance 

The  predicted  overall  performance  in  terms  of  trailing  edge  boundary  layer  parameters 
and  total  loss  coefficients  is  compared  with  measured  values  in  figure  16  and  17  respec¬ 
tively  for  a  selected  number  of  tost  cases.  Taking  into  account  that  this  is  a  very  hea¬ 
vily  loaded  cascade  a  reasonably  good  agreement  is  illustrated  except  near  choking  con¬ 
ditions  where  the  predicted  losses  are  seen  to  be  lower  than  the  measured  values.  In 
these  cases  shock-boundary  layer  Interaction  and  the  stream  tube  height  both  have  an  im¬ 
portant  influence  on  the  measured  and  predicted  results.  Thus  at  high  transonic  Mach  num¬ 
bers  an  accurate  simulation  of  the  shock/ boundary  layer  interaction  and  local  flow  con¬ 
ditions  (AVDR  and  inflow  angle)  must  be  specified.  The  choking  flow  Mach  number  is  howe¬ 
ver  predicted  with  reasonable  accuracy  because  the  throat  is  near  the  leading  edge  where 
the  influence  of  local  AVDR  and  boundary  layer  with  respect  to  the  overall  performance  is 
small. 

The  predicted  losses  of  fig.  17  reflect  the  error  in  the  trailing  edge  boundary  layer 
parameters  1.  and  42  shown  in  fig.  16.  For  example,  in  the  case  of  0.6  Mach  number  both 
boundary  layer  parameters  are  underpredicted  at  low  AVDR  and  overpredicted  at  high  AVDR. 
The  result  is  that  there  is  a  ohange  in  tendency  in  the  calculated  losses  when  compared 
with  the  measured  values.  However  using  the  measured  boundary  layer  parameters  for  calcu¬ 
lating  the  losses  results  in  a  tendency  in  agreement  with  the  measurements.  This  example 
shows  the  sensitivity  on  those  flow  conditions. 


4.5  Additional  boundary  layer  analysis 

The  velocity  profiles  of  turbulent  boundary  layer  are  described  by  the  “law  of  the 
wall".  Checking  this  behaviour  on  some  of  tho  present  results,  the  Influence  of  Mach  num¬ 
ber  is  shown  in  figure  18.  As  an  important  statement  can  he  drawn  that  the  wake  region 
starts  aarly  compared  with  results  without  strong  pressure  gradients  at  «*-valuoa  in 
excess  of  too,  and  no  Mach  number  Influence  can  be  observed. 


Tho  method  of  Truokanbrodt  C91  with  some  limited  modifications,  as  described  in  sec¬ 
tion  2,  has  been  used  for  turbulent  boundary  layer  calculations  reported  in  this  noto. 
There  is  however  the  possibility  of  using  tho  measured  data  derived  in  the  experimental 
programme  to  investigate  whether  improvements  to  the  method  are  possible.  In  this  inte¬ 
gral  boundary  layer  method  it  is  assumed  that  there  is  a  unique  relationship  between  tho 
shape  factors  li„  and  It.,.  The  current  experimental  results  are  plotted  in  figure  19  to¬ 
gether  with  the  curve  by  Truckenbrodt  for  Incompressible  flow  condition.  The  experimental 
data  in  the  upper  dlagramme  show  results  at  design  Incidence  on  different  Mach  numbers 
and  in  the  lower  dlagramme  at  a  constant  Mach  number  of  Na.  -0.8  for  different  inciden¬ 
ce*.  The  data  correspond  to  different  chord  positions  x/u  and  B-valuo*  for  the  attached 
turbulent  flow  conditions  and  lie  clearly  above  the  theoretical  curve.  A  better  represen¬ 
tation  of  the  present  tost  results  could  be  produced  by 
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A  comparison  of  this  equation  with  the  test  results  is  shown  in  figure  20.  where  the  in¬ 
let  Mach  number  was  used  to  correlate  the  experimental  data  with  eq.  OiT. 

Further  the  Truckenbrodt  method  relies  On  the  substitution  of  the  subsidiary  shape 
factor  b  defined  as 
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where  It 


12-  ls  tl,#  value  for  flow  with  aero  pressure  gradient.  Substitution  of  equation 
(12)  into  (11)  then  produces  a  relationship  between  Mo  and  it  or  H  and  )(.,  and  this  new 
dependence  is  plotted  for  different  values  of  ll|j.  In  f. Unite  21  and  is  compared  with  the 
revised  curve  used  for  all  boundary  leyercaiculations  reported- in  this  contribution.  For 
turbulent  boundary  layer  «  wean  valua  of  Hi}**).!  la  generally  in  use.  The  pretent  re¬ 
sults  are  better  correlated  by  a  value  of  a12--  1.4  which  leads  to  the  relationship  (or 
the  case  of  Ha»o 
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The  constant  0.875  chan  .es  to  0.816  if  H12»D1-3  is  applied.  The  new  relationship  H12  (H) 
shows  a  small  influence  of  the  Mach  number  which  was  not  considered  in  the  present  method. 
Furthermore  the  new  function  is  not  identical  with  the  revised  curve  used  in  the  present 
investigation/  but  for  attached  flow  (H,j^2.8)  the  differences  are  small.  The  above  dis¬ 
cussion  of  additional  boundary  layer  analysis  is  included  to  illustrate  that  the  presen¬ 
ted  experimental  data  could  easily  be  applied  to  derive  improved  boundary  layer  predic¬ 
tion  methods  for  high  subsonic  Mach  numbers. 


5.  CONCLUSIONS 

The  contribution  describes  theoretical  and  experimental  investigations  of  the  bound¬ 
ary  layer  and  loss  behaviour  on  a  high  turning  DCA- compressor  cascade  to  achieve  50°  of 
deflection  up  to  0.85  inlet  Mach  numbers.  The  objective  of  this  investigation  was  to  ob¬ 
tain  detailed  data  to  check  theoretical  blade  profile  design  methods  which  are  being  de¬ 
veloped.  For  the  present  investigation  a  time  marching  method  was  used  to  predict  the 
blade  pressure  distribution.  This  was  iteratively  coupled  with  a  boundary  layer  integral 
method  to  predict  the  boundary  layer  integral  parameters  and  the  total  losses.  The  expe¬ 
riments  were  carried  out  in  the  High  Speed  cascade  wind  Tunnel  of  the  DFVLR  Braunschweig 
to  obtain  the  cascade  characteristics  and  boundary  layer  parameters.  The  investigations 
led  to  the  following  conclusions i 

1.  The  predicted  blade  presnu.c  distributions  and  choking  flow  limits  are  in  good 
agreement  with  the  experiments  near  design  inflow  anglos. 


2.  In  the  case  of  good  agreement  between  predicted  and  measured  pressure  distribu¬ 
tion,  an  acceptable  agreement  can  be  achieved  between  the  predicted  and  measured 
boundary  layer  parameters. 

3.  The  boundary  layer  measurements  confirm  in  principle  the  boundary  layer  integral 
method  used.  From  these  measurements  a  modification  was  derived  which  gave 
adequate  agreement  between  predicted  and  measured  boundary  layer  parameters  up  to 
Q.8S  Mach  numbers  and  thus  permitted  the  determination  of  the  turbulent  boundary 
layer  separation  (H,2  > 2.8) 

4.  The  theoretical  method  used  in  this  investigation  la  unsatisfactory  for  perfor¬ 
mance  assessment  at  conditions  remote  from  the  design  point  operation. 

5.  The  presented  experimental  data  could  be  applied  to  derive  improved  boundary  layer 
prediction  methods  at  both  design  an-  off  design  conditions. 
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0.3672 

0.1538 

0.3020 

0.0793 

0.3989 

0.1581 

0.3314 

0.0834 

0.4348 

0.1615 

0.3659 

0.0873 

0.4667 

0.1633 

0.4005 

0.0903 

0.4988 

0.1639 

0.4351 

0.0924 

r./c  = 

0.0049 

0.4698 

0.4995 

0.0936 

0.0940 

'T/C  “ 

0.0049 
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Figure  13b: 
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The  wakes  of  highly  loaded  axial  compressor  blades  have  often  been  considered  to 
be  turbulent,  unstructured  flows.  Recent  work  has  suggested  that  the  blade  wakes  are 
in  fact  dominated  by  a  vortex  street-like  structure.  This  paper  reviews  the  work  on 
wake  structure  at  MIT,  presents  the  results  of  a  viscous  numerical  simulation,  compares 
the  blade  wake  vortices  to  those  shed  from  a  cylinder,  and  discusses  the  implications 
of  the  wake  structure  on  compressor  performance.  In  particular,  a  two-dimensional, 
time  accurate,  viscous  calculation  shows  both  a  periodic  wake  structure  and  time 
variations  in  the  passage  shock  strength.  The  numerical  calculations  are  compared  to 
laser  anemometer  and  high  frequency  response  probe  data.  The  effect  of  the  wake 
structure  on  the  entropy  production  and  apparent  adiabatic  efficiency  of  the  compressor 
rotor  is  disaussed., 

i.  nmtooucTioM  \ 

Although  bluff  bodies  and  low  speed  airfoils  have  long  been  known  to  shed  vortices 
into  their  wakes,  the  wakes  of  high  speed,  high  Reynolds  number  turbomachinery  blading 
have  generally  been  considered  to  be  turbulent  and  unstructured.  Usually,  the  wake  is 
deaaribed  only  in  terms  of  a  time  averaged  velocity  profile.  This  ia  consistent  with 
the  view  that,  assuming  uniform  inflow  and  excepting  turbulence,  the  flow  in  the  frame 
moving  with  the  compressor  rotor  is  uniform  and  that  variations  observed  in  the  sta¬ 
tionary  frame  are  primarily  due  to  blade  to  blade  geometric  differences.  This  view, 
however,  is  erroneous  in  detsil  with  practical  import  for  compressor  design. 

There  is  a  considerable  body  of  experimental  data  which  shows  that  trailing 

edge  airfoils  typical  to  turbinea  ahed  vortex  streets  (1),  12],  131.  Recent  work  has 
shown  that  a  similar  phenomenon  may  occur  in  sharp  trailing  edge  transonic  compressors 
»?  well  UJ, 

If  we  assume  for  the  isouwmt  that  high  speed  compressor  blade  wakes  car.  consist  of 
a  vortex  street-like  structure,  than  a  number  of  questions  immediately  become  relevant. 
These  include!  do  ail  blade  wakes  contain  vortices;  why  are  the  vortices  rarely 
observed  experimentally!  how  sre  the  vortex  streets  formed  and  what  is  their  structure* 
and  what  is  the  practical  ime-'orttnte  of  the  wake  structure  to  the  compressor  designer? 

We  will  address  the  last  question  first  so  os  to  provide  e  groundwork  for  the  discussions 
which  follow. 

In  the  context  of  hloh  efficiency,  high  perfortaance  transonic  compressors  and 
fans,  the  influence  of  the  wake  temporal  and  spatial  structure  for  e  given  time 
averaged  velocity  defect  can  be  surprisingly  Urge.  The  wake  structure  can  influence 
the  compressor  aerodynamics,  noise,  and  structural  integrity.  Vortex  shedding 
decreases  the  bltde  row  efficiency'  (higher  base  drag  and  shock  loss,  increased 
unsteadiness)  and  induces  artifacts  in  standard  measurement  techniques .  An  increased 
level  (-1  unsteadiness  into  following  blade  rows  can  increase  the  loss  there  and  alter 
the  mss*  flow  characteristics,  Independently  of  whether  that  blade  row  is  Itself 
shedding  vortices.  The  interaction  of  the  shsd  vortex  street  with  subsequent  blade 
rows  le  also  a  source  of  noise.  Obviouely,  the  unsteady  loading  due  to  the  vortex 
street*  and  related  phenomena  can  have  deleterious  effect*  on  the  structural  integrity 
of  a  compressor  when  the  aerodynamic  excitation  ftequenclea  coincide  with  those  which 
ere  structurally  important.  The  blade  wake  atructure  also  influences  compressor  design 
and  analysis  in  that  It  represents  e  physical  phenomenon  not  usually  modelled  (either 
because  the  analysis  is  invisoid  or  steady  state).  Thus,  the  design  intent  may  not 
represent  e  physically  realisable  system. 

this  paper  1*  an  extension  of  ptevicu*  work  in  which  the  pretence  of  vortex 
street*  was  inferred  from  experimental  maasuramants  end  their  effeot  or,  the  blade  shock 
system  discussed  (<),  (5).  Mere,  we  review  that  work,  discuss  the  effects  of  vortex 
street*  on  the  temperature  distribution  within  the  flow,  not*  the  influence  of  the  wake 
structure  on  conventional  aerodynamic  performance  measurements,  present  the  result*  of 
sn  eb  initio  numerical  simulation  showing  similar  behavior,  end  suggest  areas  for 
further  investigation. 


2.  .  UCVUtW  OR  BCnOUMBKAL  GmSJXVXTlOMS 

flow  visualisation  studios  have  demonstrated  the  existence  of  vertex  streets  in 
the  wakes  of  transonic  fist  plats  end  turbine  airfoil  cascades  (l],  (21,  (3!  but, 
excepting  the  special  case  of  acoustic  resonance  enhanced  shedding  (65.  (7),  shedding 
in  high  speed  compressor  airfoils  had  not  been  conclusively  reported.  Dot  wire 
measurements  in  the  wakes  of  controlled  diffusion  airfoil  cascades  yielded  ambiguous 
results  (•)  with  one  configuration  showing  evidence  of  periodicity  in  the  wake  while 
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another  did  not.  In  the  context  of  hydrofoils,  BlaXe  [9]  suggested  that  all  bodies 
shed  but  may  do  so  in  a  discontinuous  fashion,  i.e.,  shed  in  bursts.  Lack  of  phase 
coherence  between  the  bursts  would  then  tend  to  obscure  the  shedding  when  examined  with 
spectral  analysis  techniques.  This  is  consistent  with  the  observation  that  the  least 
ambiguous  information  has  been  instantaneous  flow  visualizations. 

Time  resolved  measurements  in  the  outflow  of  3  transonic  compressor  rotors  opera¬ 
ting  near  the  compressors'  peak  efficiency  points  revealed  high  frequency  (3  to  4  times 
blade  passing)  total  pressure  and  temperature  fluctuations  of  substantial  amplitude  in 
the  core  flow  itween  the  wakes,  as  well  as  large  fluctuations  in  the  wake  strength  of 
any  particular  blade  £5],  Fig.  1.  Similar  observations  were  made  in  three  different 
single  stage  transonic  compressors  in  three  different  test  facilities  using  a  variety 
of  high  frequency  response  probe  types  [11).  The  machines  differed  in  design  intent 
(both  commercial  fan  and  high  spead  military  designs  were  included),  but  all  operated 
at  high  rotor  efficiency  (above  90%).  The  outflow  of  all  three  rotors  demonstrated 
similar  types  and  degrees  of  rotor  relative  unsteadiness,  the  unsteadiness  being  maximum 
near  the  design  or  maximum  efficiency  operating  point.  This  indicates  that  rotor 
relative  unsteadiness  is  a  common  phenomenon  in  transonic  compressors. 

A  laser  anemometer  physically  measures  one  or  more  components  of  the  instantaneous 
velocity  at  a  point  in  space.  Because  of  the  relatively  high  level  of  turbulence 
coitfnon  to  turbomachinery,  the  instantaneous  velocity  measurements  are  usually  averaged 
and  the  result  presented  as  the  average  velocity  at  that  point  (Fig.  2a).  The  velocity 
statistics  at  the  point  can  also  be  examined  however  (although  this  is  not  connonly 
done),  and  can  be  presented  in  terms  of  a  probability  donsity  distribution  (FDD),  a 
histogram  showing  the  number  of  observations  made  at  each  value  of  velocity.  For  a 
turbulent  flow,  the  shape  of  this  histogram  should  be  Gaussian.  Laser  anemometer 
measurements  in  the  vicinity  of  the  passage  shock  have  shown  a  bimodal  velocity  distri¬ 
bution  indicative  of  a  shock  moving  to  either  side  of  the  meaaurement  point  (10). 

These  observations  were  explained  in  terms  of  small  (0.5%  of  axial  ohord)  motion  of  the 
passage  shook  about  its  mean  position.  Vortex  shedding  in  the  blade  weke  was  advanced 
as  a  possible  driver  of  this  motion  (5). 

Subsequent  laser  anemometer  measurements  in  the  rotor  wake*  revealed  that  the 
velocity  distributions  were  bimodal  there  as  welli  l,e.,  two  velocities  were  equally 
likely  with  almost  no  measurements  observed  et  the  "average"  velocity  as  it  would  be 
normally  derived  from  such  data  (4),  Pig.  2.  Simultaneous  time  resolved  temperature 
and  pressure  probe  measurements  in  the  rotor  outflow  showed  unsteadiness  relative  to 
the  rotor  at  two  time  scales.  One  was  the  high  frequency  disturbances  mentioned  above. 
The  second  appeared  primarily  as  a  modulation  of  the  wake  flow  with  frequency  components 
on  the  order  of  1/2  to  3  times  shaft  rotational  speed.  This  modulation  could  not  be 
explained  in  terms  of  blade  to  blade  geometric  differences  since  the  fluctuations  were 
primarily  aperiodic  with  rotor  rotation  (and  thus  not  looked  to  the  geometry)  and  were 
several  time!!  the  magnitude  of  the  periodic  disturbances,  A  striking  feature  of  the 
disturbances  themselves  was  the  large  total  temperature  fluctuations  in  the  wakes— 
iJ-$%  of  the  mean  total  temperature  (l.e.,  10-20*0— indicating  local  regions  of 
intense  cooling  and  heating.  The  instantaneous  adiabatic  efficiency  calculated  from 
those  measurements  showed  a  concomitant  variation  with  some  local  regions  appearing  aa 
over  100%.  These  temporal  fluctuations  and  laser  anemometer  measurements  were 
explained  aa  resulting  from  a  vortex  street  structure  in  the  blade  wake#.  The  over 
100%  efficiency  observations  have  yet  to  be  explained. 


).  wescsmioits  dr  rtu  buuk  mu  mb  vonax  stwocr 

In  the  previous  work,  the  wake  was  modelled  as  two  staggered  rectilinear  row*  of 
Ranklne  vortices  of  opposite  sign  In  a  uniform  freest ream  111).  The  vortices  consist 
of  an  inner  region  with  a  forced* vortex  core  and  an  outer  region  fei lowing  the  lrrota- 
tlonal  flowfiold  of  a  classic  von  kstrmnn  vortex  street.  This  mode  1  was  fit  to  the 
laser  anemometer  data  so  that  the  time  averaged  velocity  profile  and  the  statistical 
distribution  of  velocities  (the  probability  density  distribution)  in  the  wake  would 
match.  The  vortex  site  and  strength  were  adjusted  to  fit  the  velocity  profile  while 
the  ratio  of  the  etreamwise  vortex  spacing  (A)  to  the  distance  between  vortex  row#  tu) 
determined  the  velocity  statistics  (see  Fig.  S)< 

At  can  be  seen  in  Fig.  3,  the  model  tits  the  dtts  relatively  well,  which  is  a 
consistency  check.  The  model  prediction  of  s  shedding  frequency  of  16t2  kit*  la  quits 
close  to  the  14-1%  k«t  inferred  from  the  core  flow  pressure  fluctuations.  Furthermore, 
the  eodel  readily  explains  the  high  level  of  fluctuations  observed  in  the  wake  with  the 
high  frequency  response  probes.  This  is  an  artlfsct  of  sampling  caused  by  tha  random 
position  of  tha  vortices  In  the  wakes  as  the  compressor  revolves  pest  the  probe  loca¬ 
tion.  Figure  4  compares  the  absolute  trams  rotor  outflow  total  pressure  fluctuation* 
predicted  by  the  model  with  measurements. 

While  the  vortex  street  model  in  (11)  does  e  good  job  oi  explaining  many  of  the 
experlawntal  observations,  it  is  s  static  model,  describing  the  wake  state  only  at  a 
particular  axial  station.  Thus,  it  contains  no  information  on  tht  vortex  formation 
process,  its  evolution  or  decay.  At  this  time  we  know  of  no  published  analytical  modal 
describing  this  process  in  detail. 
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4.  DXmillC  EKERGY  RKDISTHIBOTICM 

One  of  the  more  interesting  implications  of  identifying  the  structure  of  the  wake 
of  a  transonic  compressor  blade  as  containing  a  vortex  street  is  that  the  unsteady 
pressure  field  in  the  blade  relative  frame  can  redistribute  thermal  energy.  The  vortex 
street  propagates  at  a  velocity  different  from  that  of  the  mean  flow  and  entrains  fluid 
into  and  through  the  wake.  As  the  entrained  fluid  passes  through  the  pressure  field  of 
the  vortex,  its  total  enthalpy  can  be  changed.  In  essence,  the  vortex  street  can  be 
thought  of  as  an  array  of  tiny  turbomachines  1 

The  dynamics  of  this  problem  have  been  addressed  by  McCune  [12]  with  a  straight¬ 
forward  unsteady  energy  equation  analysis.  He  shows  that  the  pressure  field  fluctuations 
from  the  vortices  change  the  total  temperature  distribution  in  the  fluid  and  that  this 
effect  scales  with  the  square  of  the  freestream  Mach  number.  At  Mach  1,  the  vortices 
ire  predicted  to  produce  a  temperature  fluctuation  of  3-5%  of  the  freestream  total 
temperature,  quite  close  to  the  observed  value.  This  scaling  with  Mach  number  explains 
why  the  effect  was  first  noticed  in  a  high  speed  machine  (tip  relative  Mach  number  of 
2.2). 


Kurosaka  et  al.  treat  the  problem  in  terms  of  the  general  Eckert-Weise  effect  [13] 
in  which  the  recovery  factor  at  the  rear  of  a  shedding  right  circular  cylinder  can  be 
negative  and  the  wake  centerline  cooled  to  below  the  freestream  inflow  value,  showing 
that  this  is  the  reault  of  vortex  street  behavior  [ 14 ) .  A  key  point  is  that  this 
cooling  by  the  vortices  is  observed  with  steady  state  instrumentation,  i.e. ,  the 
average  centerline  temperature  is  depressed.  There  must,  of  course,  be  a  concomitant 
increase  in  total  temperature  in  the  surrounding  flow  outside  the  wake.  Kurosaka  also 
demonstrated  that  the  vortex  shedding  and  temperature  separation  can  be  significantly 
enhanced  with  acoustic  feedback,  essentially  extending  acoustic  resonance  work  to 
include  energy  separation  [6],  P). 

The  intense,  localised  hot  and  cold  spots  generated  by  the  vortex  street  explain 
the  large,  abrupt  temperature  fluctuations  observed  in  the  time  resolved  total  tempera¬ 
ture  measurement a  of  the  compressor  wakes. 


5.  MAM  STRUCTURE  EFP1CIS  CM  APPARENT  COMPRESSOR  KKFICIDtCk 

An  earlier  work  on  high  frequency  passage  shock  motion  driven  by  vortex  shedding 
identified  three  mechanisms  by  which  the  loss  in  the  compressor  could  increase  (5). 

The  first  is  the  increase  in  entropy  rise  across  a  shock  wave  undergoing  area 11  periodic 
axial  motion  compared  to  that  for  a  steady  shock  at  the  same  average  approach  Maoh 
number.  This  change  was  quite  small,  amounting  to  only  a  0.1  to  0.2  percent  decroase 
of  adiabatic  efficiency  In  the  rotor  studied.  The  second  loss  source  was  the  small 
scale  nonuniformities  in  total  pressuro  generated  by  tho  oscillating  shock  wave,  in 
this  case,  it  was  assumed  that  due  to  the  small  spatial  extent  of  the  perturbation 
(1/B--1/4  chord),  the  enthalpy  would  not  be  recovered  sc  pressure  rise  in  the  diffusion 
process  in  the  stator  but  rather  appear  as  a  mixing  loss  downstream.  This  loss  was 
calculated  to  be  o£  the  same  order  as  the  wake  mixing  Ices,  about  1%  (10t  of  the  total 
measured  stage  loss).  The  third  loss  mechanism  is  the  aeplification  of  the  spatial 
nenuniformlties  in  the  stag#  outflow,  dlacussed  above,  by  the  shock  systea  in  a 
following  transonic  atage.  Thia  loss  was  estimated  to  be  2  to  3  times  as  great  as  that 

in  the  first  atage,  i.e.,  2  to  )  percent  of  stage  adiabatic  efficiency. 

In  this  section  we  wish  to  discuss  not  additional  thermodynamic  loss  mechanisms 
U.e.,  production  of  entropy).  hot  rather  apparent  losses,  artifact*  induced  in  tho 
measurement  processes  and  their  Interpretation  by  tha  periodic  nature  of  the  wake 
structure.  If  not  properly  accounted  for,  these  artifacts  can  result  in  an  ersonooua 
estimate  of  compressor  per  romance. 

before  doing  so,  however,  we  with  to  point  out  a  simple  curiosity.  Adiabatic 
efficiency  is  often  used  to  skpress  turbomachine  loss  (entropy  production),  in  an 
unsteady  flow,  however,  the  change  in  adiabatic  efficiency  need  not  be  congruent  with 
the  entropy  production,  as  it  must  in  a  steady  flow. 

to  illustrate  this,  we  will  define  the  local  adiabatic  effieency,  o,  in  the  usual 

manner  relating  th*  total  pleasure ,  Pt»  and  total  temperature,  t»,  ratios  in  the 

absolute  (laboratory)  frame  ae  follows. 
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where  the  subscripts  l  and  3  derote  stations  upatre.hi  and  downstream  of  the  rotor  blade. 
Station  1  is  assumed  to  have  uniform  conditions  of  total  temperature  and  pressure  as 
would  be  the  case  with  the  first  stage  of  a  essay  r**soi .  station  2  consists  of  i 
fteeAtrsam  region  with  the  bled*  wakes  represented  by  vortex  streets  as  modelled  in 
(11),  With  the  total  pressure  and  temperature  contours  as  shorn  in  Pigs.  5  and  6.  the 
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change  in  entropy,  s,  from  static,!  1  to  station  2  may  be  expressed  as, 


This  can  be  seen  in  Fig.  7  for  the  vortex  model  with  a  freestream  stagnation  temperature 
ratio  of  1,175.  As  expected,  the  entropy  variation  is  sero  in  the  regions  outside  the 
vortex  cores  since  the  model  allows  only  variation  in  the  vertex  cores  themselves. 


Equation.  (I)  for  the  efficiency  may  now  be  re-written  by  eliminating  the  stagnation 
pressure  ratio  vaing  Eq.  (2). 
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If  there  is  no  change  in  entropy  from  station  1  to  station  2  then  the  efficiency  is 
exactly  1.0  regardless  of  the  variations  in  total  temperature.  However,  if  between 
stations  1  and  2  there  is  some  loss  mechanism  (such  as  a  normal  shook)  so  that  Sj  >  S, 
in  the  freestream  region,  then  the  efficiency  will  be  loss  than  1.0  and,  in  fact,  will 
vary  through  the  vortex  street  as  the  total  temperature  varies.  This  will  bo  the  case 
even  outside  the  vortox  cores  in  the  wake  where  the  flow  is  modelled  to  ha  ir rotational 
and  ih'-itfcid.  In  these  regions  the  entropy  does  not  vary  as  shown  in  Fig.  1.  This 
moans  that  the  value  of  entropy  outside  the  vortex  cor*  is  constant  and  so  the  value 
of  (Sj-Sj)  is  constant  as  well.  Now  since  the  flow  in  vno  absolute  frame  je  unsteady 
(with  or  without  vortex  shedding)  and  the  gradient  of  entropy  ia  jtaro  outside  the 
cores,  the  total  t r-mpor ature  must  vsty  according  to  erotic's  theorem  which  may  be 
written  os  follows, 


T?3  *  qi'.q)  *-  |3. 

in  the  regions  outside  the  vortex  cores  thin. reduces  to. 


(4) 

(5) 


This  iw-iias  that  the  total  prsssu  east  vary  so  as  to  keep  (S;-Sj)  constant.  In  any 
case,  since  iS^-s^)  i*  constant  and  vanes  throughout  the  vortex  street,  the 

efficiency  will  vary  as  well,  even  thtiugn  *ha  entropy  ;*  constant  I  This  can  he  seen  by 
coaparirs}  figs,  7  snd  8.  The  efficiency  is  not  congruent  with  the  entropy  change. 
Secauae  of  the  energy  separation  tsecheiu^  iuscuwseo  r«  ueestc-rt  «,  the  total  tempera¬ 
ture  in  local  regions  can  be  greater  -*»r  less  rher*  that  of  the  frsestraaw.  Thus,  there 
are  regions  In  which  the  efficiency  .  greater  tiw.n  the  freestres*  value.  It  should  be 
pointed  aut.  however,  thst  no  setter  >.sw  large  the  variations  In  total  temperature,  the 
efficiency  will  always  be  less  than  «ner  $!«<'•«  by  fig.  (2),  S-i-iii  1#  always  greater  than 
tern. 


It  l«  Important  to  not*  that  inis  difference  between  entropy  rise  a«wl  efficiency 
is  due  to  the  unsteadiness  in  the  absalut*  fr.use,  not  the  blade  relative  frame,  and 
thus  is  not  dependant  on  t!*.s  st«t»-  of  the  blade  wake.  Pat  her,  it  la  comm  to  all 
transonic  and  supersonic-  swchUsoa.  Tha  practical  significance  of  this  observation  has 
y«t  to  be  enunciated  hut  the  authors  find  it  interesting. 


The  structure  of  the  con^esscr  blade  wske*  can  sake  «  difference  in  the  aerody¬ 
namic  efficiency  «a  er^eeshiy  twas-rvid  with  aerodynamic  prebas  in  the  rotor  outflow,  to 
illustrate  this-.,  w*  will  uonsihs.-  twa  transonic  oswwresaor  rotors  with  the  saM 
goaoetry-,  tr>»  .tveragad  v.dtsi  pressure  and  temperature  rise,  and,  therefore,  the 
esae  fslxed  <m  adiabatic  efficiency.  One  blade  will  be  atsuaed  to  have  s  olsscic 
turbulent  w*k--.-  while  the  c-'hot’*  v* -,e  will  consist  of  s  vortex  street  with  the  *asse 
average  -velocity  dsrfeot.  is  other  words,  the  wakes  as  sscssuiad  by  conventional  laser 
aneMowetry  techniques  would  appear  identical.  Conventional,  low  frequency  response 
probes  ate  » hen  toed  to  accurately  manure  the  true  tine  average  of  the  total  tempera¬ 
ture  and  pressure  at  the  rotor  outflow.  (Since  this  is  s  two -dlisens ions  1  analysis,  the 
are*  averaged  quantities  measured  by  probe*  are  actually  line  averages. »  The  probes  ate 
assused  to  be  free  frae  dynamic  effects.  Ve  will  take  the  average  flow  conditions  at 
the  rotor  blade  tow  exit  plane  to  be  those  measured  in  a  transonic  rotor  ( <).  Table  1. 
sole  that  tbs  total  temperature  is  hlghsr  in  the  flow  outside  the  wakea  in  the  vortex 
stmt  case  ccapated  to  that  in  the  turbulent  wake  case.  This  is  required  since  the 
v-c-ttex  street  depresses  the  task*  centerline  temperature  but  the  total  energy  flux  out 
of  tbs  blade  row  must  be  the  Mae  in  both  case*. 
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'irX9XJ£  1 

SOTOR  HOT  CQtmiTICKS  ASSUK8D  PCS  KIXUiJG  CALCULATION 


Frceatreaa 


Vortex  Make  Turbulent  Wake 


Total  pressure  ratio 
Total  temperature  ratio 
Absolute  exit  flow  angle 
Wake  width/Passage  width 


1.646 

1.175 

45“ 

0.260 


1.646 

1.170 

45“ 

0.260 


Table  1  shews  the  resultant  average  flow  condition  calculated  with  the  two  wake 
states.  Results  are  given  both  close  to  the  rotor  (the  measurements  were  made  at  110% 
of  the  axial  chord)  where  the  wake  atruoturea  are  distinct,  and  far  downstream  where 
the  wakes  have  totally  mixed  out.  The  mass  averaged  quantities  agree  at  both  stations 
of  course.  The  time  averages  dost  to  the  rotor  do  not,  however.  The  time  average  of 
the  vortex  street  wake  case  is  quite  close  to  the  mass  average  (probably  by  coincidence) 
but  the  turbulent  wake  case  efficiency  is  measured  at  over  1\  low.  (The  difference 
between  time  or  area  and  mass  averages  is  well  known.  Thu  point  Is  that  the  low 
frequency  response  probes  can  only  measure  the  time  average. )  Far  downstream,  the  mass 
averaged  efficiency  has  decreased  by  1/2%  (which  is  why  probe  stations  are  normally 
placed  as  far  downstream  as  possible). 


TABUS  2 

BOTOX  OUTFLOW  AVHXAOE  LABORATORY  PHANS  OOMOmOMS 


hear  Rotor  (U0%  Axial  Chord) 

Vortex  wake 

Turbulent  Wake 

Hass  averaged  total  pressure  ratio 

1.644 

1.642 

Naas  averaged  total  temperature  ratio 

1.175 

1.175 

Hass  averaged  adiabatic  efficiency 

0.S7J 

O.STi 

Probe  indiea'ad  total  pressure  ratio 

1.644 

1.641 

Probe  indicated  total  temperature  ratio 

1175 

i.m 

Probe  indicated  adiabatic  efficiency 

0.872 

MM 

Total  pressure  ratio 

1.44* 

1.645 

Total  temperature  ratio 

Adiabatic  efficiency 

1.177 

1.17* 

0.86* 

0.**7 

it  the  wake  structure  were  always  the  same,  the  difference  in  measured  efficiencies 
due  to  the  structure  could  be  mixed  in  with  empirical  probe  calibration  factors  and 
thus  be  calibrated  out  tin  theory).  If,  however,  a  ttsall  -change  in  blade  design  or 
< urbottachln?  operating  point  were  to  altar  the  wake  structure  alone,  there  would  fee  an 
e.'-rnntau*  change  In  measured  aerodynamic  efficiency,  isn  error  of  ever  1%  for  the  stage 
e..v:-i,ed  here.  In  other  words,  a  change  in  the  wake  structure  can  appear  as  a  change  in 
stage  efficiency,  even  though  the  ssaawntu*  and  thermal  energy  flux  through  the  machine 
(the  pressure  and  temperature  rise!  have  not  changed,  this  error  would  disappear  if 
the  measurements  were  made  with  sufficient  time  resolution  to  resolve,  tins  wake  structure. 

Thus ,  wake  structure  can  Introduce  artifacts  in  the  measurement  of  compressor 
pet'foiaar.'.'S;  introducing  apparent  changes  not  representative  of  the  state  of  the  fluid 
exiting  the  machine,  mveause  the  magnitude  of  the  temperature  separation  in  the  vortex 
street  scales  with  tta  square  of  the  Xsch  number,  this  effect  should  be  most  important 
for  transonic  and  supersonic  turbomachines.  The  argument  should  hold  true  for  turbine 
flow*  a*  well,  but  this  has  not  been  verified. 


e.  smicr.  iuauurtc*  or  oomussot  *uat  sum  uomoimo 

Ts  further  investigate  the  compressor  wake  structure,  the  flow  through  a  e, ingle 
blade  passage  was  simulated  with  a  computations!  fluid  dynamic  (CFO)  technique.  A 
two-dirnmnalcnml,  time  accurate,  Reynolds  avenged,  explicit  Ravier-Stoksa  ca IculstSeh 
was  donv  with  a  relatively  fine  grid  and  very  small  time  step  to  insure  good  spatial 
and  temporal  resolution.  The  midspan  airfoil  geometry  <sf  the  transonic  rotor  measured 
in  (*!  was  used,  to  accomodate  supersonic  inflow  Umitstlon*  in  the  code,  the  mist 
relative  Ksch  number  was  reduced  from  the  1.17  of  the  measurement  condition  to  5.  »i  for 
the  calculation.  Inlet  total  conditions  were  adjusted  to  keep  iter  Reyeaidt  susba? 
based  on  axial  chord  st  1.2  •  jg*.  the  iolst  flow  it  the  ucetreefc  fccawiary  is 
specified  as  uniform,  thus,  there  is  no  external  excitation  or  periodicity,  only  that 
generated  in  the  flow  by  the  i'7d*  itself.  Store  details  da  the  calculation  cam  be 
found  1*  (151. 

Thn  yrUskr y  obscsVat »*"  4t  n*d*  from  this  sb  initln  calculation  is  that  vortices 

are  — oS-i  b-.to  the  blade  maxi  '  -Hguta  9  is  a  plot  of  instantaneous  velocity  vectors  in 
xHo  blhim  relative  frame  i.  ihe  trailing  edge.  It  ahowe  the  vortex  structure  la  the 
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wake  as  well  as  a  separated  region  on  the  suction  surface.  (The  vector  length  denotes 
the  magnitude  of  the  local  flow  velocity,  the  orientation  the  flow  direction. )  Only  two 
vortices  are  readily  seen  here  due  to  the  change  in  vortex  core  translational  velocity 
as  the  vortices  propagate  downsfeam.  This  has  the  effect  of  blurring  the  flow 
structure  in  any  frame  other  than  that  moving  with  the  cores.  A  similar  problem  in 
visualizing  the  vortices  wa3  encountered  in  the  modelling  effort  [11].  In  both  cases, 
the  ready  identification  of  the  vortex  structure  is  strongly  dependent  on  the  frame  of 
reference  chosen,  making  the  vortex  street  fairly  elusive  and  hard  to  see. 

The  shedding  periodicity  shows  up  quite  clearly  in  the  calculated  trailing  edge 
static  pressure,  Fig.  10.  Also  of  interest  is  the  lower  frequency  present  which 
modulates  both  the  amplitude  and  the  frequency  of  the  vortex  shedding.  This  is  quite 
similar  to  low  frequency  modulation  observed  in  the  experimental  measurements  [11].  in 
the  simulation,  tne  lower  frequency  correlates  with  the  motion  of  the  separation  point 
along  the  suction  surface  and  with  axial  motion  of  the  passage  shock,  and  thus  may  be  a 
shock  boundary  layer  interaction,  Fig.  11.  There  is  also  a  30%  fluctuation  in  blade 
moment  at  this  frequency,  which  is  low  enough  (^300  Hz)  to  be  of  concern  to  the 
structural  designer.  The  exact  cause  of  this  low  frequency  movement  of  the  separation 
point  is  not  yet  clear  but  appears  quite  similar  to  instabilities  observed  in  high 
speed  diffusers. 

The  modulation  of  the  vortex  shedding  frequency  by  the  low  frequency  oscillation 
was  considerable,  a  factor  of  two.  The  strength  of  the  vortices  varied  inversely  with 
the  shedding  frequency.  The  shedding  frequency  range  from  the  CFD  calculation  is 
compared  with  those  inferred  from  the  laser  anemometer  probability  density  distributions 
and  from  the  core  flow-shock  motion  fluctuations  in  Fig.  12.  These  three  estimates  are 
completely  independent  and  show  quite  good  agreement.  The  large  fluctuations  in  fre¬ 
quency  shown  in  the  numerical  simulation  tend  to  explain  the  difficulty  encountered  in 
extracting  a  single,  unamoiguous  frequency  estimate  from  the  experimental  measurements. 
Fluctuations  of  this  magnitude  may  also  blur  the  bimodal  anemometer  histograms. 

The  blade  relative  total  pressure  in  the  numerical  simulation  as  would  be  measured 
with  a  fixed  laboratory  frame  probe  as  the  rotor  passes  is  compared  with  measurements 
[11]  in  Fig.  13.  The  qualitative  agreement  is  excellent.  The  calculation  clearly 
captures  the  wake  modulation  evident  in  the  measurements. 

The  high  frequency  jitter  of  the  passage  shock  at  the  shedding  frequency  inferred 
in  [5]  is  not  observed  in  the  calculation.  However,  since  the  predicted  shock  motion 
is  no  more  than  one  grid  cell  size  and  the  numerics  spread  toe  shock  over  five  grid 
points,  this  is  not  surprising.  A  calculation  with  a  much  finer  grid  size  would  be 
required  in  order  to  address  this  problem  properly. 

Overall,  the  numerical,  CFD  simulation  agrees  extremely  well  with  the  experimental 
observations  and  the  analytical  model.  The  one  area  in  which  the  numerical  simulation 
does  not  add  information  is  the  decay  of  the  wake  structure  as  it  is  convected  down¬ 
stream  since  the  numerical  damping  overwhelms  most  physical  dissipation  mechanisms. 


7.  DISCUSSION  AND  CONCLUSIONS 

Considerable  effort  has  traditionally  been  spent  on  establishing  the  proper 
parameter  with  wnich  to  correlate  vortex  shedding.  A  Strouhal  number  based  on  trailing 
edge  thickness  is  commonly  used,  especially  for  blunt  trailing  edge  bodies  [2],  (3), 
[9J.  For  compressor  blades,  the  wake  displacement  thickness  has  been  suggested  as  a 
more  realistic  correlation  [5J.  Since  the  wakes  of  compressor  blades  are  relatively 
thick  compared  to  the  trailing  edge,  the  difference  between  the  correlations  using  the 
different  parameters  is  considerable,  a  factor  of  four  in  frequency.  For  the  blade 
section  studied  here,  a  frequency  of  IS  kHz  is  predicted  using  the  wake  thickness, 
matohing  both  the  experimental  and  numerical  results. 

The  m' lulation  of  the  frequency  and  strength  of  the  vortex  shedding  observed  in 
the  CFD  ca  oulation  is  extremely  important  for  the  interpretation  of  experimental 
measuremor  .s.  The  presence  of  the  modulation  considerably  complicates  the  practical 
problem  of  vortex  detection  in  rotating  machinery.  The  impact  on  laser  anemometry 
techniques  and  spectral  analysis  methods  needs  to  be  quantitatively  assessed. 

Ext.- ination  of  the  details  of  the  numerical  simulation  as  well  as  classical  vortex 
shedding  analysis  [16]  suggests  that  the  process  may  be  considerably  more  complex  than 
can  be  represented  by  a  simple  Strouhal  number.  Many  shedding  processes  may  oompete 
and  the  separation  zone  observed  in  the  simulation  certainly  plays  a  part.  A  more 
complete  disaussion  of  vortex  formation  and  evolution  will  be  the  subject  of  a  later 
paper , 

This  work  has  tended  to  traat  the  compressor  blade  and  vortex  str  *t  in  isolation 
when  in  reality  it  is  part  of  a  very  complex  environment.  Acoustic  feedback  has  been 
shown  to  both  enhance  shedding  and  alter  the  frequency  [13],  [18].  There  are  many 
mechanisms  involving  inter-blade  row  interactions  for  forcing  the  shedding  as  well. 

The  possibility  of  phase  locking  between  blades  is  also  evident  [17].  Clearly  much 
work  can  be  done  in  this  area. 

Another  area  needing  more  investigation  is  the  three-dimensional  wake  structure  in 
real  turbomaohines .  Although  it  is  often  dangerous  to  generalize  from  two  to  three 
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dimensions,  we  will  point  out  that  if  the  vortices  have  considerable  spanwise  extent, 
they  can  serve  as  an  extremely  powerful  mechanism  for  the  radial  transport  of  fluid — 
complicating  the  evaluation  of  the  radial  work  and  efficiency  distributions.  Work  with 
cylinder  shedding  has  shown  that  external  forcing  (acoustic  in  this  case)  can  enhance 
the  spanwise  coherence  [18]. 

in  this  paper  we  have  made  the  following  observations  concerning  the  structure  of 
compressor  blade  flow  and  wakes: 


1.  The  wakes  of  high  Reynolds  number,  transonic  compressor  blades  can  consist  of  shed 
vortex  streets.  This  is  confirmed  by  measurement,  modelling,  and  numerical 
simulation. 

2.  The  shedding  frequency  and  strength  are  sensitive  to  the  environment. 

3.  The  vortex  street  can  depress  the  wake  temperature. 

4.  The  importance  of  the  wake  structure  increases  with  the  square  of  the  freestream 
Mach  number. 

5.  Wake  structure  can  influence  the  measurement  of  compressor  efficiency. 

6.  Changes  in  wake  structure  can  be  mistaken  for  changes  in  compressor 
performance. 

7.  The  wake  structure  can  drive  the  blade  shock  system,  inducing  loss. 

8.  Thu  wake  structure  can  be  influenced  by  other  fluid  dynamic  instabilities  present 
in  a  blade  passage  which  themselves  may  be  important  for  performance  and  structural 
dynamic  reasons. 


Overall,  vortex  shedding  in  transonic  compressor  blade  wakes  can  have  significant 
influence  on  compressor  behavior. 
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Fig.  1:  Transonic  compressor  rotor  exit 
total  pressure  near  hub:  (A) 
instantaneous  measurement,  (B) 
an  individual  blade  passage  as 
saen  once  per  revolution,  and 
(C)  an  ensemble  average  of  that 
individual  passage,  from  [5] 


Fig.  2:  Laser  anemometer  measurement  of 
the  outflow  from  a  transonic 
compressor  rotor:  (A)  average 
velocity  profile,  (B)  histogram 
of  velocity  statistics  in  core 
flow  showing  Gaussian  profile 
characteristic  of  turbulence, 
and  (C)  velocity  statistics  in 
wake  showing  bimodal  distribu¬ 
tion  attributed  to  vortex  street, 
from  [4]  (below) 
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Pig.  7j  Contours  of  entropy  rise  from 
wake  model.  Note  that  the 
entropy  is  essentially  constant 
outside  the  vortex  cores 
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Fig.  8:  Contours  of  adiabatic  efficiency 
from  the  wake  model.  Note  that 
those  regions  are  no.,  congruent 
with  the  entropy  change  in  Fig. 

7  and  that  there  are  regions  of 
adiabatic  efficiency  indicated 
as  above  that  of  the  freestream. 


Fig.  9i  Instantaneous  vector  plot 

(arrow  orientation  is  velocity 
direction,  length  ia  velocity 
magnitude)  of  the  trailing  edge 
region  of  a  transonic  airfoil 
oaloulated  with  a  2-D  time 
acourate  Navier -Stoke*  oode. 
Note  the  separated  region  on 
the  auction  surface  and  the 
vortioes  ahed  into  the  wake. 


Tlml  (mi) 

Fig.  IOi  Static  pressure  history  at 

trailing  edge  of  a  transonic 
airfoil.  Note  the  periodicity 
due  to  vortex  shedding  and  tho 
modulation  of  that  shedding  by 
a  lower  frequency  disturbance. 
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Fig.  Hi  The  numerical  simulation  shows 
a  correlation  between  the 
passage  shock  motion  and  the 
separation  point  movement 


Time  (ms) 

Fig.  12 t  A  comparison  of  the  shedding 

frequency  predicted  by  the  CFD 
simulation  with  those  inferred 
from  measurements 


2  3  A 

n«4  (MilllHtonSt) 


Fig.  13 t  A  comparison  of  the  rotor  rela¬ 
tive  total  prossuro  time  history 
measured  in  a  transonic 
compressor  with  that  predicted 
by  the  CPD  simulation 
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DISCUSSION 

PJRinictte,  Fr 

Have  you  compared  your  Navier-Stokes  calculations  of  the  vortex  streets  with  other  calculations  like  Random  Vortex 

Method  or  large  Eddy  Simulation  methods? 

Author’s  Reply 

2  points 

1 .  Some  large  Eddy  Simulation  work,  done  at  Wright-Patterson  AKB  for  cylinders  is  just  about  to  be  published 
and  shows  similar  effects  in  the  wake  of  a  cylinder  at  Mach  •»  0.7. 

2.  Even  if  our  computer  uses  a  Reynolds  averaged  simulation,  it  is  a  very  time  consuming  calculation  as  you  have  to 
simulate  not  only  the  high  frequencies,  but  something  15 — 20  times  less.  The  calculations  shown  are.  hopefully  the 
first  of  many.  Even  if  relatively  crude,  they  agree  with  the  experiments. 
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RBAVeyer,  Ne 

In  similar  measurements  within  a  transonic  compressor  using  Laser  Transient  Velocimeter,  we  found  that  vortex 
shedding  frequency  within  the  rotor  blade  wakes  depends  among  other  things,  upon  the  blade  passing  frequency  of  the 
succeeding  stator.  What  is  your  idea  on  this  finding? 

Author’s  Reply 

We  know  that  one  can  change  and  lorce  the  frequency  of  vortex  shedding  through  an  external  perturbation.  By 
coincidence  in  many  compressor  stages,  because  of  the  way  the  blade  number  is  fixed  to  avoid  noise,  you  are  very  close 
to  being  in  an  odd  harmonic  of  the  blade  passing  by  the  stator.  I  think  this  is  a  strong  forcing  funct'on.  We  plan  to  put 
the  potential  forcing  function  in  the  numerical  simulation  and  see  what  we  get. 

Another  point  coming  from  your  publications  is  that  if  you  can  see  vortex  cores  in  a  stationary  frame  with  a  laser 
velocimeter,  it  means  that  the  potential  field  of  the  stator  is  not  only  setting  the  frequency,  but  also  locking  the  phase  of 
shedding.  This  lias  implications  for  the  measurement,"'  and  ou  the  ertors  in  performance  evaluation. 
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ABSTRACT 

\ 

V. 

JAn  experiment  is  described  in  which  a  normal  shock  interacts  with  the 
natural  turbulent  wall  boundary  layer  in  a  parallel  sided  duct  at  Mach  1.3 
and  i.5.  The  shock  wave  is  vibrated  in  symmetric  fashion  by  a  rotatinq  cam 
mounted  in  toe  tunnel  diffuser.  The  design  of  this  experiment,  particularly 
the  efforts  to  obtain  a  pure  forcing  signal#  Is  discussed.  Shock  motion 
analysis  at  reduced  frequencies  of  order  0.2  to  2  and  amplitude  parameters 
of  21  to  201  (based  on  equivalent  chord)  is  presented.  Unsteady  surface 
pressure  measuremenrs  under  the  interaction  have  been  made  and  demonstrate 
that  there  is  negligible  phase  change  between  the  shock  motion  and  the 
surface  pressures.  It  appears  reasonable  to  utilise  quasi-steady 
assumptions  in  the  calculation  of  the  surface  pressures  at  the  low  frequency 
conditions  tested. 

f' 

1.  INTRODUCTION 

Theoretical  studies  directed  at  unsteady  problems  In  Inlet*  and  turbomachinery  have 
until  recently  generally  assumed  lnviscid  flow  (e.q.  Refs. 
(1) , [21  #131 » (41 , (S| , ($1 , 1 7 1 ,  (9) ) .  However,  <>  has  long  been  known  that  unsteady 
viscous  effects  *re  extremely  Important  in  cascades.  Even  In  the  relatively  simple 
problem  of  Inlet  diffuser  flows,  lnviscid  analyses  form  an  incomplete  basis  for  the 
correlation  of  experimental  data(9| ,  (101 ,  ( 11) ,  ( 12) .  U3I .  More  recently,  Liou  and 
CoakleylHI  have  attempted  a  numerical  simulation  of  the  forced  and  self-excited  flow 
In  a  transonic  Inlet  diffuser,  examined  experimentally  by  Sabjen  and 
co-workerstRCfs.9-13) ,  usinq  the  Reynolds-averaged  Navier-Stokes  equations.  While 
good  agreement  between  the  analysis  and  experiment  was  achieved  for  the  case#  of 
forced  oscillation,  there  U  a  case  for  extending  the  range  of  experimental  data 
beyond  those  parameters  considered  by  Sabjen  et  at. 

The  objectives  of  our  experiment*  are  to  consider  more  closely  the  detail  of  the 
unsteady  viscous-lnvlseid  interaction  than  has  been  hitherto  attempted.  We  therefore 
have  chosen  a  simpler  geometry  for  our  initial  experiment#  than  that  studied  In 
Ref.  19-13)  although  there  are  considerable  area#  in  which  we  have  benefltted  from 
this  work.  The  two-dlmenalona 1  interaction  of  a  aheek  wave  with  a  naturally  grown 
flat  plate  boundary  layer  whleh  i*  then  forced  in  a  symmetrical  manner  is  studied. 
The  parameter#  of  lntere#f  In  t urbomachlne#  differ  slightly  from  these  In  inlets,  and 
differ  from  engine  t,o  engine.  We  therefore  have  chosen  a  fairly  wide  range  of 
conditions  over  Whleh  our  simulation  will,  hopefully#  provide  data  of  general 
Interest,  since  we  are  primarily  Interested  in  the  viscous  behaviour  w#  use  boundary- 
layer  thickness  as  our  length  scale.  In  this  context  we  define  a  reduced  frequency 
ami  shock  motion  amplitude  parameter  based  on  equivalent  chord  by  assuming  that  on  the 
full  scale  blade  atAhe  sh-vck  interaction  position  the  boundary  layer  thickness  io  of 
order  (chord  x  10  *) ,  The  amplitude  parameter  is  defined  aa  the  ratio  of  shock 
displacement  to  equivalent  chord. 

in  this  paper  we  consider  the  behaviour  of  unsteady  shock  motion  in  a  parallel  sided 
duct  at  Mach  1.32  and  i.5J.  A  comparison  of  the  flow  at  these  Mach  numbers  is  of 
interest,  since  we  may  expect  (for  the  steady  flow  case!  that  the  boundary  layer  will 
remain  attached  at  Mach  1.3  but.  bo  beyond  the  point  of  incipient  separation  at  Mach 
1.5(i5).  The  design  of  the  experiment  to  enable  u«  to  achieve  a  range  of  reduced 
frequenciee  and  shook  amplitude  parameters  is  discussed  and  shook  motion  reaults  are 


presented.  At  Mach  1.5,  reduced  frequencies  of  order  0.2  to  2  are  attainable  vith  the 
natural  tunnel  boundary  layer  and  amplitude  parameters  of  2»  to  201  at  a  reduced 
frequency  of  order  1,  are  demonstrated.  Unsteady  surface  pressure  measurements  under 
the  shock/ turbulent  boundary  layer  interaction  at  Kach  1.5  are  presented.  The  results 
are  compared  with  a  simple  theoretical  approach. 

2.  BXPBRIMBNTAh  DETAILS 

2.1  Operating  Conditions  of  Tunnel 


Intermittent  running  facility  (up  to  1  min.  run  time) 


Working  section  Mach  number 
boundary  layer  thickness 

Po  stagnation  pressure 
To  stagnation  temperature 
Tw  wall  temperature 
Reynolds  number 
Working  section  width 
height 


1.53 

1.32 

5.6om 

5. 5ram( measured 
from  schlieren) 

13SkPa 

129kPa 

296  -/♦ 

4°K 

- 

292  -/* 

5°K 

“  7 

1.9x10 

114mm 

152mm 

/m 

2. Ixl0/m 

2.2  Description  of  Experiment 

A  rotating  cam  was  installed  centrally  in  the  diffuser  of  the  tunnel  (Fig.  1).  This 
was  used  to  vibrate  a  normal  shock  situated  in  the  working  section  by  creating  a 
periodic  variation  in  the  back  pressure.  Shock  frequencies  of  up  to  240  Us.  were 
obtained.  The  rotation  speed  of  the  cam  was  measured  by  a  magnetic  transducer  and  was 
checked  independently  with  a  calibrated  tachometer.  To  vary  the  forcing  pressure 
disturbance  a  number  of  cams  were  manufactured  IPig,  2).  Five  cams  of  equilateral 
triangle  section,  with  face  dimensions  varying  from  19mm  to  2$«a,  were  tested  at  both 
Mach  1.3  and  1.5.  Cams  of  double  wedge  section  with  dimensionr  18m®  x  25m®  and  Sim®  x 
25m®  were  tested  at  Hach  1.5. 


Fig.  I  tiajwiweaial  coafigumioti 


Caau  used  to  provide  (he  tlowntlrtam  premua  iluciuaiium 
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The  mean  shock  position  was  set  at  the  window  centre  by  adjusting  the  tunnel 
stagnation  pressure.  The  tunnel  is  controlled  manually.  It  was  found  that  while  the 
stagnation  pressure  could  be  monitored  accurately  (♦/-  0.5mm  Hg)  by  the  use  of  a 
transducer,  it  was  more  effective  to  control  the  shock  position  by  the  use  of  a 
video-schlieren  system  (Fig.  31.  In  this  way,  with  a  "steady*  shock,  ie  without  the 
cam  rotating,  random  movement  of  the  shock  could  be  constrained  to  within  reasonable 
limits  of  the  selected  mean  position  (Fig.  4) .  The  shock  position  was  monitored  using 
a  Reticon  LC11  line  scan  camera  with  an  array  of  256  diodes  in  a  similar  way  to  that 
described  by  Sabjen  and  Crites(16).  It  is  known  that  this  technique  gives  an  accurate 
representation  of  the  shock  position[17) .  An  image  of  the  horizontal  centreline  of 
the  working  section  up  to  160  mm  long  was  cast  on  the  face  of  the  camera.  The  poorest 
resolution  of  the  system  was  thus  theoretically  0.625  mm.  In  practice  there  was  found 
to  be  an  error  of  */-l  pixel  (photodiode) .  The  light  intensity  was  attenuated 
optically  so  that  the  camera  responded  to  only  two  pixels  across  the  image.  The 
linearity  and  accuracy  of  the  system  was  checked  by  placing  strips  of  black  tape 
across  the  working  section  at  known  distances  from  the  upstream  end  of  the  window,  ay 
varying  the  magnification  and  restricting  the  scan  length  the  accuracy  of  the  system 
could  be  varied  between  •/-lorn  and  »/-0.2mo  (depending  on  shock  motion  amplitude). 

Unsteady  pressure  measurement#  were  made  using  Kulite  XCQ-062  transducers.  The 
forcing  reference  pressure  was  monitored  on  the  tunnel  sidewall  at  the  point  marked 
Ref  in  Fig.  1.  Seven  transducers  were  mounted  flush  on  the  floor  of  the  working 
section  as  shown  in  Pig.  i.  The  stagnation  pressure  was  also  measured  using  a 
transducer  mounted  in  the  settling  chamber.  The  pressure  and  shock  position  data  were 
captured  on  a  mini-computer  for  storage  and  subsequent  analysis. 


_L< 

Hp  3  Optica)  amtgftfucM  for  dmultanoouk  tunnel  drive  and  do*  viaualivatww 


Ftj.4  Steady  ihock  output  (root  ibc  Liae  Scan  Camera  (M  *»  1 3) 
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3.  RESULTS 


Spark  shadowgraph  photographs  of  the  Interaction  region  at  Mach  l.S  with  the  shock 
“steady*  and  forced  at  a  nominal  frequency  of  100Hz.  are  shown  in  Fig.  5.  Downstream 
of  the  leading  foot  of  the  lambda  (the  “viscous  ramp“(l81),  the  region  of  high  density 
gradient  in  the  shear  layer  rises  from  the  surface,  leading  a  region  of  low  density 
gradient  close  the  the  wall.  One  can  observe  an  apparent  reduction  in  the  intensity 
of  the  optical  structures  close  to  the  wall,  downstream  of  the  interaction.  However, 
it  is  not  possible  to  tell  whether  there  is  actually  a  separation  point  underneath  the 
shock  wave,  although,  from  the  results  of  Sawyer  and  Long  113]  at  the  same  Mach  number 
and  similar  free  stream  Reynolds  number  (10xl0°/o),  we  might  expect  a  separation 
bubble  to  exist  and  to  extend  for  perhaps  5  boundary-layer  thicknesses  downstream  of 
the  shock.  Photographs  at  Mach  1.3  are  shown  in  Fig. 6.  In  this  case  the  boundary 
layer  thickens  but  does  not  separate. 
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Fig.  10(a)  Puwer  spectral  density  t-aee,  corresponding  to  fig*.  7, 8  ami  9  (mbiuaty  scale) 
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fig.  10(b)  $ \iwct  tpcttral  density  trace  of  IS  x  25  cutt  tiitusnUol  section  cam 


?lq.  ii  dhows  the  variation  In  shock  wave  amplitude  a*  for  the  various 
triangular  section  cans.  These  are  compared  with  the  shock  wave  amplitudes  predicted 
using  he  aavs.pt  o* ic  theory  of  kefs,.  | a-«| ,  it  should  be  noted  that  the  asymptotic 
description  of  the  flow  requires  l*tr  to  be  a  small  parameter!  and  we  might  therefore 
expect  that  agreement  at  hath  1.}  would  be  poor .  nevertheless,  as  can  be  seen  from 

fig.  11,  *he  agreement  is  excellent.  We  expect  agreement  to  be  less  good  at  Mach  1.5 
since  the  asymptotic  representation  of  the  shoe*  wave  is  not  valid,  and,  as  can  be 
seen  from  fig.  ?2,  the  relative  shock  Mach  number  at  the  higher  forcing  pressure 
fluctuation*  can  no  longer  be  assumed  constant.  It  is  interesting  to  note  that,  for 
the  51mm  x  25m»  double  wedge  section  cam,  there  Is  a  significant  difference  in  snock 
Mach  number  with  frequency  and  with  direction  of  travel.  The  difference  with 
frequency  Is  due  to  a  reduction  in  the  rms  forcing  pressure,  while  the  difference  with 
travel  direction  Is  due  to  a  small  extent  to  the  work  done  by  "he  shock  against  the 
flow  but  in  ihe  main  is  due  to  the  forcing  wave  shape,  lit*  that  at.  »0«*.  the  rms 
forcing  pressure  is  17. St  of  the  free  scream  dynamic  premsur*  and  the  total  shock  wave 
excursion  scales  to  IV. It  chord.  This  particular  case  leads  to  the  observation  (based 
on  quasi 'Steady  arguments)  that,  for  the  downstream  travelling  wave  we  wight  expect  the 
flow  to  be  attached  IMU.t),  while  for  the  upstream  travelling  wave  we  would  expect 
the  flow  to  bs  heavily  separated  the  variation  in  shock  wave  amplitude  for 
each  of  tbs  came  together  with  the  predicted  em*»iituUem  feu-  toe  Uses  and  25mm 
triangular  cama  are  shown  in  Pig.  11. 


Friqutncy  IHi.) 


Fig.  1 1  Shock  motion  peak-peak  amplitudes  forced  by  the  triangular  section  cams  at  Mach  1 .32 


Fragutstr  IHt.l 


Fig.  1 2  Fak  shock  wave  Mach  numbcts  u  Mach  1 .5 


Tina  nean  surface  pressure  eeasureaen*.*  under  the  interact ten  a*  Hacrh  1.4  with  no 
dovnsieean  forcing  are  shown  in  Fig.  14.  These  are  ceaparcd  vlth  th*  data  of 
Seddontlf).  Sot.*  the  rapid  rise  of  the  surface  presaure  at  the  atari  of  the 
interaction  followed  by  a  decrees  in?  pressure  gradient  dewnstres*  of  the  viscous 
ranp.  Unsteady  surface  pressure  tine  history  data  for  the  i»«n  triangulat  section  e*n 
are  shown  in  fig.  IS.  the  effect  of  the  pressure  gradient  distribution  shown  in  Fio. 
14  can  clearly  be  observed  in  the  surface  pressure  response',  the  variation  of  surface 
pressure  fluctuation  with  frequency  is  shewn  in  Fig.  it.  As  the  frequency  increases 
and  hence  the  shock  notion  anplitude  decreases  the  pressure  fluctuation  decreases. 
The  pressure  fluctuations  decrease  away  frcst  the  start  of  the  vlacous  rasp  due  to  the 
decreasing  static  pressure  gradient.  Under  the  separation  bubble,  at  §7  Ms.  the 
measured  pressure  fluctuation  is  less  than  that  in  f.h*  undisturbed  boundary  layer  icf . 
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f%  1  $  UuMcatly  *ui(ace  prcMure  time  hUiory  data  under  ihc  iawrattlno  will) 
the  shock  (weed  ai  17.7  Ha.  (M  «  1  .S) 


tdl«U*««  hit  *t»M*  skill 


tit-le  ftortmcaainjuaie Mfa^tHawofeKt'iaiiruitut>JoU>«:iiUfta»k>o(M»  1 J) 


the  relationship  between  the  shock  petition  and  surface  pleasure  under  the  interaction 
la  shown  in  Pig,  17  at  a  nominal  forced  frequency  of  <0  Hi.  (arbitrary  vertical 
acdlesl  after  digital  filtering  with  a  second  order  Butterworth  filter  to  clarity  the 
cospariaeft.  Shock  notion  la  Shown  aa  positive  upsttean.  analysis  of  the  aiunala 
•hows  a  negligible  phase  difference  between  surface  pressure  and  shock  notion.  This 
is  in  agreement  with  the  result*  of  Sabjefl  et  al.(!7|.  it  is  found  that  quasi -steady 
calculations  of  the  surface  pressure  sre  applicable. 


The  phase  change  between  the  forcing  pressure  at  the  reference  point  and  the  measured 
surface  pressures  at  a  particular  x  station  at  Mach  1.5  is  shown  in  Pig.  18.  A  least 
squares  straight  line  has  been  fitted  through  the  first  five  experimental  points.  The 
slope  of  this  line  is  due  to  the  effect  of  the  time  lag  between  the  reference  station 
and  the  mean  shock  position.  It  has  been  demonstrated  above  that  at  low  frequency 
there  is  no  phase  change  between  the  shock  position  and  the  surface  pressure. 
However,  at  100  Hz.  the  phase  change  begins  to  deviate  from  the  straight  line, 
indicating  that  non-quasi-steady  effects  are  appearing.  We  surmise  that  at  reduced 
frequencies  of  0.75  or  less,  the  flow  may  be  considered  quasi-steady  in  this 
experiment. 

The  calculated  phase  of  the  shock  wave  motion  with  respect  to  the  reference  station 
shows  poor  agreement  with  the  experiment.  The  error  in  phase  is  approximately  30° 
when  the  time  lag  is  calculated  with  the  assumptions  that  the  forcing  pressure  is  an 
acoustic  disturbance  and  that  the  static  temperature  immediately  downstream  of  the 
shock  wave  is  given  by  the  normal  shock  relations  and  subsequently  varies  linearly  to 
the  conditions  at.  the  reference  point.  Better  agreement  is  obtained  if  we  discard  the 
assumption  that;  the  pressure  signals  are  transmitted  through  the  core  flow  but 
instead,  are  transmitted  through  the  boundary  layer.  This  point  has  been  raised  to 
demonstrate  the  difficulty  in  applying  simple  calculation  methods  to  such  flowfields. 
Firstly,  the  flow  downstream  of  the  shockwave  is  non-uniform.  We  can  appeal  to  the 
findings  of  Sawyer  and  Long  (15)  that,  in  the  steady  flow  case,  the  flow  has  not 
stabilised  after  100  boundary- layer  thicknesses  downstream,  the  slip  line  and  velocity 
gradients  in  the  inviscid  flow  still  being  distinguishable.  This  is  well  beyond  the 
reference  point  in  our  experiment.  In  cases  in  which  a  strong  viscous-lnviscid 
interaction  occurs  (whether  or  not  flow  separation  is  present)  a  more  sophisticated 
approach  is  required.  Secondly,  as  has  also  been  concluded  by  Sabjen  et  al.(12),  the 
modelling  of  perturbations  in  the  farced  oscillation  case  as  acoustic  waves  may  not  be 
acceptable. 


ftg.17  Local  «fct»ck  phfduutt and  cuilaec ptcaiwc  Guctuatiatt* si  Vd «•  - 1 .6  (34  "  l.!>) 


tKl.l 


Fie.lt  Ftuaccfur^c  between  Uk  surface  pcctuucil  »  1.6  and  «bc  forcing  p<  cubic  (M  —  1.5} 
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4.  CONCLUDING  REMARKS 

The  objectives  of  the  design  of  our  experiment,  namely,  to  provide  a  symmetrically, 
forced  oscillation  over  a  wide  range  of  conditions  for  a  two-dimensional 
shock/boundary  layer  interaction  on  a  flat  plate,  have  been  demonstrated.  Reduced 
frequencies  of  order  0.2  to  2  with  amplitude  parameters  of  2%  to  20%  chord  at  reduced 
frequencies  from  order  0.2  to  0.8  have  been  achieved. 

The  generation  of  a  pure  forcing  disturbance  is  desiraoie  from  the  point  of  view  of 
the  validation  of  theoretical  and  numerical  methods  but  i3  difficult  in  practice.  The 
best  approach  may  be  to  provide  a  sinusoidal  variation  in  downstream  blockage  by 
movement  of  the  outer  walls,  however,  a  reasonably  “clean”  signal  has  been 
demonstrated. 

The  amplitude  parameter  is  important  in  flowfields  where  the  boundary  tayer  is  close 
to  shock  induced  separation  due  to  the  relationship  between  amplitude  and  local  shock 
strength.  In  such  a  case  one  could  generate  a  periodically  separating  flowfield  with 
obvious  similarities  to  stall  flutter.  In  the  case  of  curved  surfaces  typical  in  a 
cascade  of  compressor  blades  it  is  also  possible  to  envisage  the  case  of  a  stall 
flutter  occurring  due  to  a  low  frequency,  relatively  high  pressure  disturbance 
generated  downstream  of  the  cascade. 

For  the  purposes  of  the  prediction  of  shock  motion  amplitudes  to  engineering  accuracy, 
the  simple  asymptotic  method  has  proved  to  be  surprisingly  good  at  high  transonic  Mach 
numbers  (M»  1.3),  at  least  In  the  context  of  this  experiment.  This  is  outside  the 
bounds  over  which  the  theory  would  he  expected  to  apply.  However,  there  are 
difficulties  with  phase  prediction  and  this  is  an  extremely  important  phenomenon,  for 
which  prediction  methods  are  essential.  Work  is  still  required  on  the  determination 
of  acoustic  paths. 

Given  the  details  of  the  shock  motion  'he  unsteady  surface  pressures  may  be  calculated 
from  a  knowledge  of  the  steady  surface  pressure  distribution.  Certainly  this  is  true 
of  a  flat  plate  boundary-layer  for  reduced  frequencies  of  0(0.41  and  possibly  up  to 
reduced  frequencies  of  0.7  or  higher. 

The  authors  are  grateful  to  Rolls  Royee  Pic.  (Derby)  in  the  support  of  this  work. 
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DISCUSSION 


PJUroette,  Fr 

How  do  you  explain  that  the  asymptotic  theory  is  giving  good  results  (or  a  Mach  number  of  1.32,  (or  which  asymptotic 
theory  should  not  be  used? 

Author’s  Reply 

One  would  normally  expect  that  in  such  an  asymptotic  expansion,  one  should  take  second  and  third  order  terms.  We 
were  quite  surprised  tliat  it  worked.  The  results  however,  are  not  very  good  for  phase.  Phase  prediction  is  a  rather 
difficult  problem.  We  are  not  sure  at  this  siage  why  the  asymptotic  theory  does  not  predict  the  phase.  1  suspect  llot 
taking  a  larger  number  at  terms  in  the  asymptotic  expansion  might  give  better  results  at  that  point  of  view. 


Pi'rtmd,  Fr 

We  are  particularly  interested  in  your  results  as  we  work  on  choke  Butter  in  twboroaehlsse*.  We  have  made  a  model 
based  on  a  linear  theory  which  alluwed  us  to  study  the  influence  of  various  parameters.  From  the  results  ii  appear*  drat 
tire  fluctuations  of  the  Bow.  downstream  of  the  shock  had  a  negligible  effect  on  the  phase  of  the  shock  motion.  Your 
h  as  confirm  ihc  quad-steady  elfeers  of  those  perturbations  on  the  shock.  However  we  have  established  the  dominant 
InBucttee  of  the  upstream  perturbation*  on  the  phase,  especially  in  the  thrisat  area.  The  phenomena  are  not  quasi-steady 
any  tome,  tt  would  he  interesting  to  set  up  an  experiment  imposing  Bo*  fluctuation*  upstream  of  the  shock. 

I  agree  with  your  comments.  it  hr  nm  simple,  with  our  configuration,  to  generate  well  established  disturbances  upstream. 
AdditkmaJly,  we  ate  intemred  in  (tie  effects  of  the  shock  movement  on  the  tweraetton  with  the  boundary  layer  itself,  tf 
cxw  were  to  disturb  the  shock  from  upstream,  «c  wsruld  also  disturb  the  boundary  layer  upstream  and  that  sue  prefer 
not  to  do. 
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SUMMARY 

For  a  typical  transonic  turbine  rotor  blade,  designed  for  use  with  coolant  ejection, 
the  trailing  edge,  or  base  loss  is  three  to  four  tinea  the  profile  boundary  layer  loas. 

The  base  region  of  such  a  profile  is  dominated  by  viscous  effects  and  it  seems  essential 
to  attack  the  problem  of  loas  prediction  by  solving  the  compressible  Navier-Stokes 
equations.  However,  such  an  approach  ia  inevitably  compromised  by  both  numerical  accuracy 
and  turbulence  modelling  constraints. 

This  paper  describes  a  Navier-Stokes  solver  written  for  2D  blade-blade  flows  and 
employing  a  simple  two-layer  mixing  length  eddy  viscosity  model.  Then,  measured  and 

predicted  losses  and  base  pressures  are  presented  for  two  transonic  rotor  blades  and 
attempts  are  made  to  assess  the  capabilities  of  the  Mavier-Stokea  solver  and  to  outline 
areas  for  future  work. 

V. 


1.  INTRODUCTION 


Gas  turbine  blades  usually,  for  reasons  of  stressing  or  seeling  have  thick  trailing 
edges.  the  etstie  pressure  Just  downstream  «f  the  trailing  rdgr  la  typically  tower 
than  the  adjacent  free  stream  and  this  base  pressure  is  thought  of  as  being  associated 
with  a  performance  penalty  called  bass  drag  or  base  loss.  With  subsonic  exit  velocities, 
the  base  pressure  and  near-wake  region  sees  strongly  influenced  by  periodic  vertex 
shedding  (i)i  indeed  this  vortex  shedding  may  be  more  significant  than  turbulence  in 
the  lateral  transport  or  axial  mae-entus  in  the  near  wake.  by  contrast,  with  supersonic 
exit  velocities  this  vortex  shedding  stay  be  suppressed  l?)  (although  sore  measurements  Ge 
indicate  a  vortex  street  downstream  of  a  strong  shock  system  111.  instead  a  characters »t ic 
triangular  base  region  forms  downstream  of  the  blunt  trailing  edge  with  an  associated 
shock-expansion  system  ftj.  The  details  sf  this  ce»plex,  viscous  Ruminated,  region  ear 
influence  ttw*  flew  over  much  of  the  aft  region  of  the  blade  suction  surface.  The  overall 
properties  of  the  blade  row,  in  particular  the  losses,  are  largely  determined  by  the  flow 
in  the  base  region. 

The  3C,  or  cascade,  loss  of  a  turbine  blade,  is  thought  of  as  consisting  of  both 
base  loss  and  profile  loss.  for  a  typical  high  speed  g a*  turbine  rotor  blade,  designed 
for  use  with  TS  coolant  ejection,  the  base  loss  may  be  three  to  four  times  the  profile 

lass.  The  problem  of  hedslllng  the  base  flew  region  is  thus  fundamental  to  the  »«£*)*» 

of  modelling  flew#  past  blading.  Numerical  simulations  using  either  the  potential 
fomtulst ion  or  the  Ruler  equations  must  apply  explicitly  (or  implicitly!  a  Kutta  condition 
at  the  trailing  edge  in  order  to  get  the  blade  circulation  correct.  However,  a 

suitable  condition  is  bv  no  weans  obvious  fer  a  blunt  trailing  edge.  in  the  contest  of 

the  insist  id  Ruler  equations  of  motion,  a  modelling  of  the  base  flow  region  has  beer, 
achieved  by  adding  seme  sort  of  cusp  to  the  trailing  edge  to  represent  the  base  triangle 
and  adjusting  its  position  iteratively  tc  produce  an  Iwisrit  oone  with  the  pressure  in  it 

fiven  by  seme  ease  pressure  correlation  !S).  It'wever,  the  accuracy  of  the  final  snlutien 
s  at  the  mercy  t>r  the  abilities  of  the  eorrelat  on.  radge  (bl  redesigned  the  aft  suction 

surface  profile  of  a  transonic  gas  turbine  rater  blade  to  reduce  the  scale  «f  the  sfcsck- 
touhdary  layer  Interact  ion  and  hence  to  reduce  the  profile  loss.*  He  used  an  inviseld 
Euler  solver,  run  in  inverse  node,  with  a  single  TR  costs,  to  perform  the  redesign. 

Although  he  was  indeed  successful  in  redyeing  the  profile  less,  the  base  loss  was  much 
increased  by  a  such  lower  than  expected  base  pressure,  and  the  overall  blade  TO  loss  was 
little  changed. 

Numerical  simulation*  using  the  full  compressible  stavier-Stcke*  equations  do  not, 
at  least  in  principle,  suffer  from  these  difficulties,  and  shcajid  te  capable  of  true 
predictions.  The  current  paper  presents  sere  solutions  for  the  transonic  flows  past 
two  gas  turbine  mter  blades  obtained  using  a  Nsvier-Stolte*  solver  developed  recently 
by  the  first  author.  The  objectives  are  partly  to  predict  the  blade  Ibises  and  bsse 
pressures  and  their  variation  with  exit  Kaeh  hunter  but  also  to  assess  the  current  capability 
of  Navler-SteVes  solvere. 

in  the  following  sections  a  brief  outline  will  se  given  of  the  Navier-Stoves  solution 
procedure  and  then  the  solutions  obtained  wili  be  presented  and  discussed.  the  result# 
are  ooagiared  with  density  interferograns ,  blade  surface  pressure  and  loss  measurements . 
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The  outer  formulation  is  used  in  wakes  and  in  attached  and  separated  boundary 
layers.  Transition  must  be  simulated  by  ad  hoc  moansj  in  the  current  effort  by 
specifying  the  actual  location  of  the  transition  point  on  the  blade. 

The  various  constants  are  taken  as: 


CCL  S  0.02688 
CKLS8  "  0,3 


CWK  3  °'25 

The  fluwfield  is  divided  into  a  large  number  of  arbitrary  non-orthogonal  finite 
volume  computational  cells.  The  flow  equations  are  discretised  on  this  meah  with  flow 
variable?  stored  at  cell  centres.  Values  of  the  variables  on  cell  faces  are  found  by 
assuming  that  they  vary  linearly  letween  cell  centres.  Viscous  derivatives  on  cell 
faces  are  evaluated  by  defining  i  local  non-orthogonal  co-ordinate  system*  The  full 
stress  tensor  is  retained.  The  system  of  equations  are  marched  forward  to  an  asymptotic 
steady  solution  using  the  implicit  iterative  replacement  (or  deferred  correction) 
algorithm  described  in  more  detail  in  (8)  and  (9),  to  which  the  interested  reader  is 
referred. 


The  algorithm  has  the  block  matrix-vector  form: 

11  *  s$h: Mi  *  tot  ({*h  ‘  3>  • 


iu  ♦  u  -  u 


W,  *  (4*  i  •  AA  1  i  is  essentially  second  order  accurate 

■  ‘  7  centred  represents*. t«fv  of  the 

integral  flu*  operator 

ilt  ss  a  defect  operate?*  chosen  t»>  be  uescht.Uliy  the  dsfferense 
between  itt  upwind  .and  a  centred  --eprasentaiier,  ite  flu* 

terra  and  added  to  enhance  rebuttne*?  and  iterative  stability 

G?*1  *.il-v!  Cr*5”*  »  V(!>(*  f:*J  is  s  serrectlsn  facte;'  dusiftr-rd  la 
p**’Cssree?4v«ty  reateve  tha  defect  eporotor  s';d  fope*  S  higher 
tces-rasy  t>te*«>'  solution  fw  is  a  relt.«?t it'-"-  parade,. ter 
typically  d.u 


snd  5»»  Ss  •>  residual  seo-etns.hg  opera tor  *M«a  Hsitt  the  cell  Keynold* 

huetter  it?  typits.l.i.y  l'C'  *  .5<rVl  and  ettttteins  .a  nu**»ricai  fines* 
w  «tnwi  the  ehs-ek  sip  i  nr*  twit  Hew  t  affecting  keundary  layers, 
os*  wakes*!  (0! 

Hi.*  tle-cfc  five  dia-ivfts!  '•#*«*  l  V,  on  the  UtS  vf  e-sjvatl*?;  ill!  reps-ssents  the 
convent  l.<s?val  linearised;  refleetleh  ©f  the  sts?- 5  ih*isr  operators  (Pbtsihed  w  replacing 


uf',s  •»  «ft  •  i  *e«  -  -  -?e>  els?.  •■?&»  *»trlt  t!  -  at J  Is  fasti-red  into  two  tfitiagtMl 
fcatri.eee-'  fnf  efficiesjJ  Inver* -an.  The  asysipictis  Heady  solution,  taken  as  iu  -*  p  Is 


fcjj  •  Sj  »  0 


i!?i 


It  She*  >4  Its.  stf-csccd  !i»t  the  re»i*>aS  se>c>bthS.*w;  provided  by  S,  is  areftjlly  e  set  railed 
and  i*  In  fact  effectively  set  to  *er-s>  in  reliefs  dwsi  noted  by  physios!  viscous  offsite. 

Sfhe  bl-ond-tpy  conditions  are  fiaed  Mew  *r.$5e  «*»  risiMi is*  pressure  at  Inflow, 

ri*°?  s'fttis  precer-r;  si  *fttr}.t-w  and  tes*s  slip  veSaeSty  on  the  blade  surfaces .  ?:**3*»n* 

st?  biaCe  tvrfares  S?  extrat-olsted  free*  interior  ceils  ana  aitfeuph  options  etist  in 
the  s(?0s  fir  the  us*  of  sail  fun? t lefts  id  reduce  grid  resnlutlas  r«e 5 resshtt  in  the 
i.es.r-bladr  tw&icps,  aid  the  toluticns  presented  here  espl»y  a  suffleiehtly  fine  near,  to 
' receive  the  blade  truftlai-y  layers  down  te  larin.ar  sublayer  teals. .  this  hat  been  shew  !?) 
tb  Ira  luymant  If  Seta  -prejlvtioft*  are  to  be  at  treated. 

The  itl4fEr.li- hr  is  u*s».-3  with  spatially  vary!?'*;  time  step*  to  estautce  vsnvajvvhcc  rate 
and  a  typical  scslvlisft  requires  40i>-6c<3  tSsw  steps  at  a  prscseslng  rote  or  ad-*  spu 
Sec&hdt  per  psiftt  per  tire  step  os?  a  reritift  S.leer  J230  «tSni-iysto»  {JO"*  seconds  per  pcl’t-t 
p#r  tiaw  step  on  an  CSX  KJd:  stilncrao#! . 
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3.  BLADE  DETAILS  AMD  COMPUTATIONAL  MESHES 

Two  turbine  blade  profiles  were  ehoaen  for  the  present  study.  Both  were  high 
pressure  turbine  rotor  sections  with  thick  coolablo  trailing  edges,  but  operated  here  with 
no  coolant  flow.  The  main  difference  between  the  blades  io  the  TE  thicknesses. 

The  first  blade,  designated  RD,  wa3  tested  by  Haller  [10];  details  of  the  blade 
geometry  are  available  in  [10] .  The  key  parameters  are 


Piteh/chord 
inlet  angle 
exit  angle 
stagger  angle 


-56.75° 

<64.55° 


TK  radius/chord  1.4* 

The  blade  was  tested  over  a  mitge  of  exit  isentropic  Nach  numbers  from  0.9  to  1.2 
with  a  nominal  Reynolds  number  (on  chord)  of  0.9  x  10‘. 

The  aecond  blade,  designated  RQ,  was  tested  by  Paige  (b).  The  key  parameters  are 

'  Chord  41.:  usa 

Stagger  >9.s‘ 

Piteh/ehard  0.824 

inlet  angle  -59.1“ 

Exit  angle  *71.5° 

t?:  r*d uis/ chord  s.9t 

Per  the  teat  rdaulta  that  4:->  presented  here,  the  i  gent  repie  exit  Reynolds  <ms**r,  based 
>}fi  blade  «h»rd,  m».  «.t  s  ti>»,  The  blade  was  tested  ever  a  range  of  exit  isentrapit  Hath 
) wmfeera  fyd*  -?.ii  to  1.2 

the  tti  thickness  tf  S3  in  about  501  greater  than  that  «tf  >{«. 

The  itavtsr-dtekee  solution.!!  we're  x»t«it*e4  ««  an  «-«.*ah  with  aosh  lines  oXpanent  Sally 
refined  towards "Ha.de  surfaces  to  fully  resolve  the  blade  boundary  Sayers.  ter  the  at- 
blade,  41  s  to  sbcsH  was  .vsed  with  seven  veils  efevhd  ti‘e  trailing  edge  virtuaferer.ee. 

L  general  view  tjf  the  »*jah  la  given  K't  figure  l,  and  a  tletai!  slew  ef  the  rean  near  the 
trails f ,4  «4g*  is  given  in  figure  y,  mis  *tesh  ro.saitw  at«ut  i .?  kbytes  *f  storage  «sirg 
t?  bit  real  «w*J«r#.  *  sinilar  <**#,**  was  erpleyed  for  S;K 

*4  snsttetu*  ?r 

•  *•*  atr-d  . jtlgfat  M&M&S&281S. 

§}Sxc5  [?*€}“'  \h.<t'  5  .  ^9-P 

* .  i .  i ,  p®. jiais 

fringes  v f  density  Yasasurel  far  the  blade  5;'  using  he 5 egrajihS g  1  nt erf ervre t ry 

' ' 3  i  aye  shfwh  sh  figure  1  fbr  an  1  Sehtreplv  exit  Wash  p-unt or  Of  <5,9  far  tXsirh  the  f i fW 
is  entirely  s  .'S' r O': l v .  Pigyl'C  4  shows  eeMeurS  j'f  density  ;  reft  C *  C V  by  the  3C3v5er-.ftsb!eS 
vo  Ivor  ■■  the  eert interval  ’  v  the  serte  S3  that  An  the  interf epograb > .  The  agreement 

la  ev-vd ;  all  the  features  g re-sent  1 r.  the  inter fere^rsa*  are  successfully  fegr’ved. 


Measured  density  fringes  .are  showy  in  figure  5  for  an  5 sent. rap 3?  exit  Jtsr.h  hubfeer  ,f 
5.??.  The  shKglt-e*24f  «J  sh  gystew  aBcdfiated  with  the  trailing  edge  is  ayyarert .  T’ise 
st.Pc-iig  g*£.tiftsicis  geriehaiiHi  Ss  the  fin-w  turns  free*  the  pres Sure  surface  aro-und  the  trailing 

edge  is  *}kifkly  feiitwed  6y  (ItvftMigpw*  Sheds  whisit  passes  across  the  b)Mh  passage  attd 
ihterasts  with  the  -tuVI. ibh  Surfar^  bsoifidary  layer.  Surface  ail-flsw  studies  Fl®i  shew 
that  the  t''"v!'.dary  layer  statutes,  with  re  -  a  1. 1  a  t  hue  n  t  inti  ^  al  0 1  i-ust  upstretbi  df  the 
traiiifig  edge.  Figure  &  .shews  density  cdhtetsrs  is&Sin  with  the  satxe  isientl  as  in  the 
tue-aewsw.tstftvt.s)  yredieted  hy  the-  Savier-ttskve  stiver.  The  .‘Tree rent  with  the  neasopMiiohts 
within  the  h  1  adc  f-sssage  is  strikifi.g.,  itHitsisrly  the  rssolitivw.  of  the  $&**$■*  shmelt . 

Ids  ths  prediStiohs  th*  simV  Ssteracti  tts  separates  *S*»  f.-otimh  eurfave  b/Fufiitary  layer,  hut 
re-sttatSbrkfht  ds*t  iwit-ttsssr  up's  4  re  at  «f  the  tmllini  t'dge.  Ca>ht«j»eMly  the  iesiiisg 
edge  shot 5;  on  the  suit  5 50  Side  is  eilssihg  frss*  the  p rediet ior-s. 

Tmdigted  bltis  surface  iser/trep.ie  Katb  nu.nS’ers  are  eceupiared  with  HefrestSttert*  in 
f'S .fiureg  t  and  8  f«r  exit  W»cfc  tvurftwrs  of  S.M  *«8  I  .JS#  rsiiwstNlf.  The  wgreesocM  is 
very  sttiefattbry. 
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4.1.2  RG  blade 


Figure  9  shows  predicted  contours  of  Mach  number  for  a  case  with  zero  incidence 
and  design  exit  Mach  number  of  1,15.  The  shock-suction  surface  boundary  layer  interaction 
is  strong  enough  to  cause  separation  with  re-attachment  just  upstream  of  the  trailing 
edge. 


Figures  10  and  11  compare  predicted  and  measured  blade  surface  isentropic  Mach 
numbers  for  zero  incidence  and  +  10"  incidence  respectively  and  at  exit  Mach  numbers 
of  1.15  and  1.10.  The  agreement  is  satisfactory. 

Both  predictions  and  measurements  [6]  indicate  that  the  interaction  of  the  trailing 
edge  shock  with  the  suction  surface  boundary  layer  is  sufficient  to  cause  a  small 
separation  bubble.  This  bubble  grows  with  increased  exit  Mach  number  until  at  speeds 
higher  than  design  re-attachment  does  not  occur  upstream  of  the  trailing  edge.  In 
addition  in  tne  runs  at  +10°  incidence,  a  large  separation  bubble  (from  15  to  351  axial 
chord)  is  present  associated  with  the  leading  edge  overspeed. 

8.2  Blade  losses  and  base  pressures 

8.2.1  RD  blade 


Blade  losses  were  computed  over  a  range  of  exit  Mach  numbers  assuming  turbulent 
boundary  layers  because  film  cooling  slots  in  the  suction  surface  of  the  experimental  blade 
promote  early  transition.  The  predicted  loss  coefficients  (p#J  -  Po2)/(p22  -  p2) 

are  compared  with  those  measured  in  Figure  12.  The  measured  losses  show  a  dramatic 
increase  as  the  exit  Mach  number  becomes  supersonic,  rising  from  around  81  at  M2  =  0.9 
to  91  at  M2  =  1.2.  The  predicted  loss  variation  follows  this  trend  but  with 
somewhat  higher  level  (losses  rising  from  around  5.51  at  M2  =  0.9  to  11.51  at  M2  s  1.2) 

Predicted  and  measured  base  pressures  are  compared  in  Figure  13.  Over  the  range 
of  Mach  numbers  considered  the  predicted  base  pressures  are  lower  than  those  measured  and 
this  is  consistent  with  the  overprediction  of  losses.  The  low  values  of  predicted  base 
pressure  imply  too  much  mixing  near  the  trailing  edge  and  hence  too  rapid  ontrainment  of 
fluid  into  the  wake  [12].  To  test  this  hypothesis,  the  computations  were  repeated  for 
the  1.20  exit  Mach  number  case  assuming  the  flow  to  be  entirely  laminar.  A3  shown 
in  Figures  12  and  13  the  predicted  base  pressure  is  indeed  increased  by  the  reduced 
trailing  edge  mixing  and  the  predicted  losses  reduced.  However,  the  predicted  loos  is 
still  some  21  points  higher  than  that  measured.  This  remaining  discrepancy  which 
persists  right  down  to  subsonic  exit  Mach  numbers  must  be  attributed  to  the  inevitable 
numerical  errors  associated  with  satisfying  the  conservation  equations  only  to  a 
certsin  discrete  level. 

8,2.2  RO  blade:  zero  incidence 


The  variation  with  exit  Mach  number  of  predicted  and  measured  loss  coefficients  is 
shown  in  Figure  18  for  the  R0  blade  at  zero  incidence.  For  those  computations,  the  blade 
boundary  layers  were  assumed  to  bo  laminar  the  way  to  the  trailing  edge. 

The  predicted  losses  are  greater  than  thoso  moasurod  for  subsonic  exit  Mach  numbers 
and  lower  for  supersonic  exit.  This  trend  is  consistent  with  the  variation  of  predicted 
measured  oase  pressures,  Figure  15,  which  show  the  predicted  base  pressure  to  be  too  low 
for  subsonic  exit  and  too  high  for  supersonic  exit.  In  terms  of  trailing  odge  modelling 
this  implies:  that  there  is  too  muoh  mixing  for  subsonic  exit  Mach  numbers  (as  was  observed 
for  RD)  but  too  little  mixing  for  the  supersonic  oxit  cases. 

Experimental  observation  suggests  that  at  tho  design  exit  Mach  number  of  1.15 
the  suction  surface  boundary  layor  remains  laminar  until  interaction  with  tho  passage 
shook  oauoos  separation  followed  by  turbulent  re-attaohmont .  In  tho  numerical 
simulations,  the  transition  location  is  simply  specified  no  an  input  variable.  Figure  16 
shows,  for  design  oxit  Mach  number,  the  predicted  variations  of  loss  coefficient  ami 
base  pressure  with  suction  surface  transition  location.  The  predicted  lessee  increase 
as  transition  is  moved  towards  tho  leading  edge  but  the  base  pressure  is  vory  little 
a)fored.  This  contrasts  with  the  predictions  for  the  HD  blade  where,  for  supersonic 
oxit  vilooitics,  base  pressure,  as  well  as  loss,  were  sensitive  to  transition  location. 

This  suggests  that  the  increased  trailing  edge  thickness  Qf  Rd  relative  to  RD  (501  thicker) 
riders  ‘■ho  baso  flow  loss  sonsitivo  to  tho  character  of  tho  boundary  layers  and  that 
the  variation  of  loss  with  transition  looufcion  for  R0  muct  be  associated  with  blade  profile 
lo«s,  rather  than  TE  loss. 

8 R0  blade  at  +10°  inoldonoe 


Tho  variations  with  oxit  Mach  number  of  predicted  and  measured  loss  coefficients  and 
baso  pressures  aro  shown  in  Fig  n  os  17  and  l8  for  tho  JUi  blade  oporated  at  ♦10'  Incidence. 
The  computations  wore  porformr  using  laminar  boundary  layers.  The  much  higher  level 
of  loss  at  subsonio  speeds  (compared  with  the  tero  incidence  case)  are  due  to  separation 
bubbles  on  the  suction  surfaoo  from  about  15  to  35*  axial  chord  caused  by  the  leading  edge 
ovorooeed. 

As  in  tho  earlier  oases  considered,  a  consistent  picture  emergen  ofi  predicted 
baso  pressures  lower  than  measured  over  predicted  loss  levels  are  higher,  and  vice  versa) 
loss  levels  over  predicted  by  1  to  2*  points  with  respect  to  measurement  for  subsonic 
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exit  velocities;  loss  levels  more  closely  predicted  for  oho  cases  with  supersonic 
exit  velocities. 

5.  CONCLUDING  DISCUSSIC.I 

In  the  flow  past  turbine  blades  there  is  a  relatively  weak  coupling  between  the 
inviscid  flow  and  the  boundary  layer  flow.  (Unlike  compressor  blading  where  this  coupling 
is  strong  and  dominates  the  flowfield  character).  Consequently,  it  is  straightforward 
to  achieve  good  agreement  between  predicted  and  measured  blade  surface  pressures. 

The  quality  of  loss  prediction  is  determined  by  how  well  the  Navier-Stokes  solver  allows 
the  boundary  layer  flow  (including  the  small  separations)  to  respond  to  the  imposed 
pressure  field  and  by  how  well  the  solver  limits  the  impact  of  numerical  error. 

The  Navier-Stokes  sol/er  used  in  the  present  study  predicts  well  the  trends  in  loss 
coefficient  wh< n  compared  to  the  measurements  but  with  discrepancies  in  level.  Several 
points  may  be  drawn  from  the  comparisons  made; 

(i)  the  orr-icted  combinations  of  loss  an  1  base  pressure  are  consistent.  When  predicted 
v,  losses  were  higher  than  measurement,  the  base  pressures  were  lower,  and  vice  versa. 

Globally  the  base  pressure  results  from  mass  momentum  and  energy  balances  ("mixing  out"). 
Locally  this  conservation  takes  place  by  strong  mixing  (dissipation)  in  the  trailing 
edge  region.  The  3t  onger  the  mixing  the  more  vigorous  the  entrainment  and  the  lower  the 
base  pressure.  Some  of  tb-~  discrepancies  between  predictions  and  measurements  seem  to 
be  due  tc  poo-1/  predicted  mixing  levels  112J;  this  is  hardly  surprising  for  the  cases 
run  with  turbulent  boundary  layers  when  considering  the  crude  turbulence  modelling  employod. 
Ad  lit  ional  ly ,  the  pred'.ctlona  do  not  ; esolve  the  vortex  shedding,  from  the  trailing  edge 
at  subsonic  speeds  (because  the  tin.-,  marching  time  step  size  is  bigger  than  the  shedding 
time  scales)  and  so  one  of  the  potential  mixing  c.eehanioms  is  missing. 

(ii)  at  subsonic  exit  velocities  the  predicted  loss  level  is  systematically  higher 

than  that  measured  (1  to  points  high).  Much  of  this  discrepancy  must  represent 
numerical  error.  Suite  arc  "■  -om  issues  such  as  mesh  size  and  quality  and  formal 
truni  •  ion  orror,  numerical  err;"  in  total  pressure  is  inevitable  (Ur.  J.D.  Denton  - 
E'ri' ■  •'unlcaMon) .  The  numerical  scheme  satisfies  the  conservation  equation?  for 

mast  ,n«n,um  and  energy  exactly  (at  some  discrete  level),  hut  total  pressure  (i.e.  loss) 
is  derived  from  the  solution;  combining  properties  which  are  consistent  only  on  a 
discrete  level  is  similar  to  the  classic  irreversible  mixing  of  two  streams  of  fluid  with 
different  velocities  and  is  bound  to  lend  to  loss  generation.  The  way  round  the  problem 
may  be  to  solve  the  equation  for  entropy  transport  and  production  as  well  as  the  equations 
of  mass  momentum  ami  energy  conservation.  Rather  than  being  redundant,  the  total 
pressure  equation  ia  used  to  monitor  the  accuracy  of  the  main  solution  procedure. 

Encouraging  wo-k  is  already  proceeding  along  these  lines. 

(iii>  predicted  and  measured  loss  levels  rise  dramatically  for  supersonic  exit  Mach 
numbers.  Whether  predicted  looses  are  higher  than  ic-easurement  or  net  depends  on  the  actual 
exit  Mach  number  at  which  the  predicted  rise  occurs ;  the  predieted  point  of  loss  increase 
is  early  for  RD  and  late  for  RG .  The  rise  in  losses  is  partly  due  to  separation  of  the 
stietitm  ourrace  boundary  layer  but  also  due  tc  the  transition  point  moving  on  the  blade 
surface.  More  work  is  needed  on  transition  modelling  in  the  context  of  Navier-Stokes 
solvers. 

6,  afKiiQWUtitimtNTS 
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- predicted 


Flfls.14  &  15  RO  :  predicted  and  measured  toss  coefficients  and  base  pressures 


-  incidence  0 

* 
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5 

I 

Flo.  16  RG  :  variation  of  predicted  loss  • 
coefficient  and  base  pressure  - 
with  suction  eurfaoe  transition 


location  -  Mgai.is 


Mil  UMl  MMbAf 


0  10C 
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Figs.  17  4  18  RQ  :  predicted  and  measured  loss  ooeffloietits  and  base  pressures 
-  Incidence  10  dec*—  ; 


DISCUSSION 


8-11 


J.Chauvin,  Fr 

The  differences  between  measured  and  calculated  total  pressure  are  of  the  order  of  1%.  Are  you  sure  that  this  is  larger 
than  the  measurement  accuracy? 

Author’s  Reply 

I  am  r  ot  sure  that  the  discrepancy  between  measured  and  predicted  total  pressures  is  larger  than  experimental  accuracy 
for  supersonic  exit  velocities.  Nevertheless,  I  think  that  numerical  error  (false  total  pressure  loss)  may  be  responsible  for 
discrepancies  of  around  1%  point,  firstly  because  the  discrepancy  between  measured  and  predicted  loss  levels  is 
systematic  and  secondly  because  false  total  pressure  loss  is  inevitable  in  non-uniform  flows  (especially  at  the  blade 
leading  edge). 


J.Moorc,  US 

You  are  comparing  2-D  calculation  with  what  must  have  been  at  some  point  a  3-D  flow.  Could  that  account  in  part  for 
the  differences  between  measurement  iind  calculation? 

Author’s  Reply 

I  could  have  believed  that  but  if  you  sum  the  entropy  generation  it  tends  to  explain  levels  of  discrepancy  that  1  see  in  the 
results.  The  problem  is  probably  false  total  pressure  generation. 


J.Moare,  US 

Have  you  ever  tried  just  simply  turning  the  viscosity  off? 

Author's  Reply 

It  is  easier  said  than  done.  You  write  a  program  with  a  certain  philosophy.  1  cannot  turn  the  viscosity  off. 


JJWoore.  US 

You  could  multiply  it  by  0. 1 . 


Author’s  Reply 

Yes,  you  cun  run  at  enormous  Re  numbers  but  you  still  have  nun-negligible  levels  of  pressure  loss,  principally  at  die 
leading  edge. 


JJVtoore,  US 

When  you  say  at  the  L.li„  is  that  the  same  problem  tiidi  J.Dcnton  has? 

Author’s  Reply 

It  is  not  appropriate  for  me  to  discuss  Denton’s  approach,  leading  edge  Is  the  place  where  you  liave  the  largest 
gradient*  in  pressure,  larger  tluui  in  sltoelu.  It  is  (itc  last  place  where  you  would  expect  the  H-mesh  to  tie  applicable. 


J.Moort,  US 

So  it  l*  tfte  mesh  which  is  giving  you  trouble. 

Author’s  Reply 

The  mesh  at  the  leading  edge  contributes  to  false  entropy  production.  tUscwhcre  the  wash  is  satisfactory. 
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influence;  of  shock  and  boundary-layer  losses 

ON  THE  PERFORMANCE  OF  HIGHLY  LOADED  SUPERSONIC 
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SUMMARY 

'^""'"‘Performance  and  losses  of  trans/superaanlc  axial  flow  compressor*  are  Influenced  by  shock  structure,  shock-boundary 
layer  Interactions  and  boundary  layer  aeparatlon.  The  combination  of  these  phenomena  and  their  effecla  on  the  flow 
characteristic*  of  supersonic  compressors  are  discussed  In  the  presented  contribution.  For  this  purpose  experimental 
results  are  compared  with  theoretical  approaches  involving  different  seml-emplrlpal  correlations  for  shock  end 
boundary  layer  losses,  for  separation  and  flow  deviation.  By  an  appropriate  combination  of  these  models  the  flow 
characteristics  of  supersonic  compressors  are  Interpreted  and  the  performance  of  such  compressor*  Is  successfully 
reproduced  In  a  wide  range.  Finally,  generally  valuable  statements  on  the  design  of  highly  loaded  supersonic  compres¬ 
sors  are  derived  and  possible  perspectives  are  described. 


SYMBOLS 


A 

area 

c 

absolute  velocity 

D 

diffusion  factor 

F 

tree  rotor  entrsne* 

M 

Mach  number 

n 

rot.  speed 

P 

slst,  pressure 

“t 

total  pressure 

r 

radius 

Re 

Reynolds  number 

R 

Cls*  constant 

1 

pitch 

Trot 

rothalpy 

u 

clrcomfersntlet  valoclly 

w 

relative  velocity 

V*o 

coordinates  bow  shock 

* 

absolute  flow  angle 

S 

relative  flow  angle 

# 

ratio  of  spec,  baste 

i 

solidity 

u 

teas  coefficient 

SUBSCRIPTS 
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design 

l.T.J 

axial  position 

aba 

absolute  system 

h 

tub 
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profile,  prtMura  side 

tal 

relative  system 

S 

auction  aids 

t 

Up 

TM  tandem  nets  position 
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**  ttovmalream  shock  * 


critical  date 
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INTRODUCTION 


Regarding  the  extreme  Increase  In  stage  pressure  ratio  of  the  next  jet-engine  generation,  the  application  of 
supersonic  compressors  again  Is  considered.  In  the  past  different  attempts  on  the  realisation  of  supersonic  compressors 
were  made! 

With  respect  to  Impulse-type-rotors  with  totally  supersonic  flow,  remarkable  standards  were  reached  at  the  end 
of  the  NACA  research  period  /!/,  at  CNERA  /2 /,  at  the  AFARL  /J/  and  the  RWTH-Aachen  /A/.  In  all  cases,  however, 
the  deceleration  of  the  flow  In  the  stators  was  connected  with  a  strong  decrease  In  efficiency.  A  more  even  distribution 
of  the  static  pressure  rise  In  rotor  and  stator  was  achieved  by  the  development  of  rotors  with  strong  passage  shocks  and 
tandem-stator*  / 5,  6,  7/.  With  these  components  high  pressure  ratios  <  n  =  3.5)  have  been  reached  In  combination  with 
satisfying  efficiencies  (  !){  =  82  %). 

These  results,  specially  for  the  rotors,  are  based  on  well  established  design  methods  /A,  7/.  The  theoretical 
description  of  the  off-design  performance,  however,  up  to  now  encounters  major  difficulties  by  a  lack  of  experimental 
data  and  Insight  Into  the  aerodynamics  of  supersonic  compressors. 

Therefore  the  performance  data  of  different  supersonic  compressors  (Fig.  1)  have  been  compiled.  The  main 
geometry  of  these  compressors  Is  outlined  In  table  1.  In  the  following,  some  characteristic  results  of  these  extensive 
investigations  are  compared  with  a  performance  prediction  method.  For  this  theoretical  approach  a  loss  model,  con¬ 
sistent  for  all  Investigated  supersonic  components,  Is  described  and  the  dominating  influence  of  compression  shocks  and 
viscous  effects  Is  discussed,  A  more  detailed  discussion  of  measuring  techniques  and  theory  Is  presented  In  IB/, 


2.  SURVEY  ON  THE  BASIC  COMPUTATIONAL  METHODS 

For  the  detailed  analysis  of  the  whole  flow  field  at  off-design  conditions  a  streamline-curvature  through  flow 
method  PI  Is  used.  To  determine  the  overall  performance  of  the  compressor  more  efficiently,  this  code  Is  reduced  to  a 
single  representative  streamline  and  applied  as  e  pitch-line  duct  flow  technique.  In  the  case  of  the  supersonic  com¬ 
pressor  components  It  1s  not  sufficient  to  establish  controll-surfaces  at  entrance  and  at  the  exit  of  each  blade  mw 
(Fig.  2).  Additionally  the  Influence  of  the  blockaqe  caused  by  finite  blade  thickness  has  to  be  considered.  To  cover  this 
effect  supplementary  computational  planea  have  to  be  positioned  Inside  of  rotor  and  staton 

For  the  tandsm-etators  the  effective  flow  through  area  of  each  partial  channel  Is  represented  by  two  control 
plenee  st  entrance  and  exit  of  the  overlapping  part  of  tha  cascade.  The  flow  conditions  et  the  entrance  of  the  second 
blade  row  are  determined  by  s  simplified  Si-surface  calculation  corresponding  to  PI.  Assuming  laentroplc  flow  down- 
stresm  of  the  leading  edge  shock  system,  the  velocity  and  the  Mach  number  upstream  of  the  two  channala  yields 
applying  the  conearvatlon  of  energy  and  circulation  on  the  coats*  grid,  shown  In  Fig,  >t 


Regarding  th*  leading  adge  blockaqe,  at  ttvj  entrance  of  th«  rotor  the  span  Is  imposing  certain  radial  affects! 
choking  occurs  not  over  ll w  whole  channel  cross  section  but  on  discrete  circumferential  domains  with  transonic  Inlet 
(low.  This  1s  Illustrated  by  Fig.  A  where  the  percental  amount  of  local  choking  (related  to  the  overell  Inlet  eroee  section) 
Is  plotted  for  different  speeds.  As  a  perimeter  the  relative  leading  edge  thickness  related  to  the  pitch  la  varied. 
Corresponding  to  this  graph,  an  overell  choking  occurs  only  for  e  leading  edge  Ihlcknese  greeter  than  1,334  of  the  pitch 
end  In  e  rather  mrrgw  range  of  rotational  speed.  However,  partial  choking  has  to  ba  crvaldarml  ever!  for  vary  thin 
blades  and  within  a  remarkable  range  of  rotor  speeds.  It  extends  from  locet  choking  near  the  tip  at  low  speeds  over 
partial  choking  near  mtdspen  to  local  choking  osar  Urn  lub  at  lilgher  rotor  speeds. 


3.  shoo:-  and  LOSS-MOOELUNQ 

3,1  Boundary-Layer  Losses 

The  tosses  caused  by  the  viscosity  of  the  fluid  c*n  be  attributed  to  boundary  laytra  at  the  hob,  the  casing  end  the 
blades.  For  design  teaks  the  profile  boundery-leyers  are  determined  by  e  boundtry-ltytr  calculation.  The  Integral 
method  used  Is  described  In  /?/.  In  csss  of  performance  prediction  the  compt'vslty  of  the  calculation  Is  reduced 
determining  the  profile  tosses  utilising  the  lose  model  proposed  by  Monssrret  e.  e.  Ml,  Considering  slto  e  radial  shift 
of  the  streamlines  It  gives  a  correlation  of  the  lose  coefficient  sv  /ll/  end  the  aerodynamic  loading  of  tha  profile 
Indicated  by  tha  diffusion  factor  D  (Fig.  J)  for  different  spans. 

Ae  the  supersonic  compressors  have  lew  aspect  and  Nqh  hub-tip- ratios,  the  loeiee  for  rotor  «td  stator  ere  taken 
far  the  naar  wall  region  of  the  Momarrat  correlation  ImScatad  by  screening  In  Fig.  5. 
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3.2  Shock-Boundary-Layer  Interaction 

In  the  case  of  supersonic  and  transonic  flow  In  the  blade  passages  the  Interaction  between  shocks  and  boundary 
layers  has  to  be  taken  Into  account.  In  the  Impingement  zone  of  the  shocks  the  boundary  layers  have  tr.  undergo  a 
sudden  pressure  rise,  which  leads  to  an  Increase  of  the  boundary  layer  thickness  or  even  to  shock-induced  separation. 
This  aerodynamic  loading  of  the  boundary  layer  Is  delt  by  a  semiemplrical  approach  HI,  which  Is  Implemented  In  the 
Integral-equations  bxindary  layer  codei  In  the  Interaction  region  the  characteristic  distributions  of  wall  pressure  rise, 
momentum  thickness  and  shape  factor,  revealed  by  a  series  of  experiments,  are  described  unitary  in  dimensionless  form 
using  the  conservation  laws  for  the  Impingement  zone.  This  procedure  la  experimentally  validated  for  shock-upstream 
Mach  numbers  up  to  1,4. 

Applying  a  duct  flow  calculation  a  detailed  analysis  of  the  boundary  layer  Is  impossible.  The  losses  due  to  weak 
shock-bo;  .idary-layer  interaction  are  assumed  to  be  Included  In  the  Monsarrat  loss  correlation.  An  additional  integral 
loss  Is  however  caleuleted  when  the  shock  forces  the  boundary-layers  to  separate.  The  separation  itself  is  indicated  by 
an  Interpolation  of  the  data  of  Donaldson  and  Lange  /12/. 

jp  (  >*K,x  M/w-. 


K,  *  2,25  ,  K)  .  -  1/5  /  turbulent  l 
K,  »  0,7  f  <)>■  1/2  / laminar  ) 


If  reparation  occur*,  it  is  assumed,  that  the  separated  boundary  layer  generates  a  critical  through  flow  cross 
section  inside  of  the  biade  passage  and  the  flow  downstream  decelerates  from  Ma  1  to  the  effective  outlet  cross 
section  of  the  cascade  according  to  a  Camot-dif fusion  process  /1J ft 
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3.3  Boundary-Layer  Blockage 

The  displacement  of  the  flow  by  the  bouodery-leyen  la  able  to  choke  the  flow  In  the  blade  paiaago.  Thlt  effact  la 
reproduced  conaidorlng  the  Influence  ef  the  overall  tossee  on  the  local  Mach  number. 

Considering  only  commonly  used  deviation  correlations,  the  numerical  simulation  shows  specially  at  part  speed 
conditions  and  hl^i  back  pressure,  that  the  lessee  of  the  shock  Induced  boundary -layer  separation  may  cause  passage 
choking  to  occur  In  the  rotors.  The  experiments  however  Indicate  that  In  these  cases  the  “unique  Incidence"  /14/  mass 
flow  It  swallowed  even  with  a  spanwlse  supersonic  relative  velocity  at  the  rotor  entrance.  The  exit  flow  angle  according 
to  (lie  experiments  obviously  It  adjusted  for  separated  boundary  layer  up  to  critical  conditions  In  the  exit  plane  of  the 
rotor. 

If,  however,  loss  Induced  choking  Is  ItxllcatsU  without  any  boundary-layer  separation,  the  enter -nq  mass  flow 
defined  by  the  “unique  Incidence"  condition  is  unable  to  paa a  the  critical  cross  section  any  longer.  In  reality  the 
compressor  would  run  Into  an  unsteady  choking  process. 

Only  in  case  of  an  inlet  flow  with  subsonic  relative  velocity  near  the  hub,  the  Inlet  flow  is  reduced  inraiively 
corresponding  to  the  choking  mesa  flow  at  the  rotor  exit. 


U  Shock  Losses 

In  supersonic  compressors  tha  shock  losses  contribute  significantly  to  the  ovarii!  losses  and  «  detailed  repre¬ 
sentation  of  the  shocks  Is  essential  for  a  successful  prediction  of  the  flow  field  and  the  off-deetqn  performance.  Thua, 
far  design  purposes  the  343  stuck  structures  are  determined  by  a  fitting  procedure,  described  In  /7,  9/.  With  a  view  to 
the  lose  prediction  at  off-design  spaed  again  a  simplifying  model  is  used.  The  loses*  are  assumed  to  tvs  generated  either 
by  a  bow  shock  or  a  passage  shock.  The  shape  anti  the  Intensity  of  the  hyperbolic  bow  shock  (I.  e.  X  ,  V  In  Pig.  *)  la 
determined  corresponding  to  Meeckel  Hit  by  conservation  of  mesa  and  energy  within  tbe  subsonic  region  In  front  of  the 
blade  leading  edge  (screened  In  Pig,  «>.  The  shape  of  the  stagnation  streamline  Is  found  applying  the  continuity  equation 
between  the  Indlsturbed  Inlet  flow  condition#  and  an  arbitrary  left  running  characteristic  1  emanating  from  ties  suction 
aide. 

The  losaes  of  the  shock  system  appearing  in  the  bi«!e  peerage  are  represented  by  a  tingle  normal  leading-edge 
shock  Aid/.  The  shock  Mach  number  Is  the  mean  between  the  Inlet  vetue  end  the  conditions  at  the  shock  impingement 
pair*  on  the  auction  elds,  determined  by  a  Prendtl -Meyer  expansion. 

The  bow-ahock  laseea  have  to  be  considered  only  for  blading*  with  strong  suction  side  cember  (Impulse-type- 
rotofl  In  this  csee  and  foe  design  speed  these  losses  ere  stlU  tow  compered  to  the  losses  of  the  norm*)  Issdlngmdge 
shock  (fig.  4  b).  The  bow -shock  leases,  however,  contribute  remarkably  to  the  overall  loseee  at  tow  speed  conditions. 

tf  the  How  U  throttled  by  Incrseesd  beckpreettee  or  in  consequence  of  the  blade  passage  geometry,  an  additional 
ahock  system  la  stabilised  within  the  blade  channel.  The  additional  losses  ere  simulated  by  a  normal  passage  shock, 
whose  position  Is  varied  according  to  the  beck  pressure,  for  this  purpose  the  Mach  number  distribution  In  the  blade 
paetege  te  assumed  to  change  corresponding  Is  the  variation  of  the  flow  through  wee. 
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4.  PERFORMANCE  ANALYSIS 

4.1  Supersonic  Compressor  Rotor* 

4.1.1  Overall  Entrance  and  Exit  Flow  Properties 

i  The  Inlet  flow  conditions  of  the  Investigated  rotors  (Fig.  1)  can  be  discussed  comparing  the  absolute  Mach 

number  variation  for  different  rotor  speed*  (Fig.  7a,  b).  In  case  of  the  Impulse-type  rotor  In  the  whole  range  of  In¬ 
vestigated  rotational  speed*  the  inlet  flow  corresponds  to  the  unique  Incidence  condition  at  mid-span. 

Examining  the  shock  rotor  the  unique  Incidence  condition  predicts  a  Mach  number  which  Is  to  high  at  low  speed 
operation  (thin  line  In  Fig.  7b).  This  mass-flow  reduction  Is  caused  by  the  blockage  of  the  blades,  which  are  wedge 
shaped  noar  the  leading  edge.  Considering  this  geometrical  blockage  as  qualitatively  described  In  Fig.  4  the  variation  of 
the  axial  Mach  number  with  rotor  speed  Is  reproduced  more  accurately.  In  conformity  with  the  remarks  on  choking 
caused  by  boundary-layer  blockage,  this  adjustment  of  the  massflow  can  no  longer  occur  with  relative  supersonic  flow 
near  the  hub. 

The  rotor  exit  flow  conditions  are  compared  by  means  of  the  speed  dependent  variation  of  the  relative  Mach 
number  (Fig.  8a,  b)  and  the  absolute  flow  angle  (Fig.  9a,  b)  measured  with  reference  to  the  circumferential  direction. 

For  unthrottlud  flow  the  relative  Mach  number  In  the  exit  of  the  Impulse-type  rotor  is  Increasing  with  rotor 
speed  nearly  comparable  to  the  Isentroplc  Increase.  In  cor  espondance  the  absolute  flow  angle  decreases  continuously. 

In  the  case  of  high  backpressure  the  data  at  the  exit  of  the  Impulse-type  rotor  show  two  different  ranges  with 
Increasing  speed.  At  lower  speeds  (n/no  <  0,8)  In  accordance  with  semiconductor  measurements  in  the  compressor 
casing  the  presented  loss-  and  shock  models  reveal,  that  the  front  wave  la  strongly  detached  In  consequence  of  the 
curved  suction  side  end  the  low  Mach  numbers.  The  pressure  rise  In  the  blade  passage  shock,  stabilized  by  the  back 
pressure  la  small  and  the  boundary-layers  remain  attached.  Thus,  even  with  high  back  pressure  and  a  position  of  the 
passage  shock  near  the  spill  point,  the  relative  exit  flow  velocity  Increase*  with  rotor  speed. 

Above  n/no  s  0.8  tire  strong  passage  shock  causes  a  separation  of  the  suction  side  boundary-layer.  The  additional 
losses  are  responsible  for  a  slightly  subsonic  relative  exit  Mach  number,  nearly  constant  with  Increasing  rotor  speed  up 
to  the  design  point. 

Contrary  to  the  Impulse-type  rotor  the  ihoek-rotor  has  a  decreaslnq  blade  passage  cross  section.  Because  of  this 
converging  geometry  and  additional  shock  losses  even  for  unthrottted  flow  the  ox|t  Mach  number  for  dlffm-ent  speeds 
differs  significantly  from  the  one  found  at  the  Impulse-type  rotor. 

At  maximum  back  pressure  the  exit  Msch  number  of  the  shock-rotor  decreases  slightly  Increasing  the  rotor  speed 
at  low  speed  condition*  (n/rxsc  0,8)).  This  It  caused  by  the  mass.flow  reduction  dm  to  leading  edge  blockage  (Fig.  7b). 
The  rot  tilling  change  of  the  me*n  Incidence  anqte  bring*  upon  an  Inereato  of  the  throuqh-flQw  area  ratio  acre**  the 
rotor  and  thus  for  subsonic  passage  flow  a  deceleration  of  the  flow  with  Increaied  rotor  speed. 

If  shock  Induced  boundary-layer  separation  occurs  (n/no  >  O.BJ)  the  computer  simulation  of  the  flow  Indicate* 
choking  at  the  rotor  eslt.  Corresponding  to  the  discussed  correlations  (Ch,  J.J)  the  relative  flow  angle  Is  adjusted 
dlscontlnuously  till  sonic  exit  flow  Is  generated.  Experimental  del*  and  the  computed  course  (dashed  line  F|g,  8b,  9b) 
coneeqoenUy  show  for  high  beck  pressure  a  sudden  Increase  of  relative  Mach  number  end  absolute  flow  angle  si  the  eslt 
of  llw  thock.rotor. 


4.I.J  Composition  of  the  Loss** 

A  detailed  comparison  of  l he  loss  coefficients,  measured  at  the  rotor  exit  ami  the  data  computed  by  the 
described  procedure  Is  given  for  different  speeds  and  backpressure*  In  Fig.  Id.  The  computed  overall  lows*  are  subdi¬ 
vided  Into  ilia  shore*  due  to  friction  (P),  bow-shock  (X),  passage  shock  (3)  end  shock  Induced  separation  (A). 

Corresponding  to  higher  diffusion  live  frictional  losses  generally  Increase  with  higher  hack  pressure*.  The  Iomm 
Induced  by  the  bow-shock  contribute  to  (tie  overs!!  lone*  only  In  the  case  of  the  Imgutss-typ*  rotor  (strong  suction  side 
camber).  Th»y  Incteaae  slightly  for  the  lower  rotational  speed  because  of  »  strong  bow-shock  •!«tuehem»m  at  etltl  high 
Much  numbers,  tm  bow-stock  loss**  of  the  stock-retor  with  e  straight  suction  tide  are  negligible  In  comparison  with 
the  magnitude  of  the  other  lot*  source*. 

.  If  the  impulse. type  rotor  It  itwottlsd  •  remarkable  l«rr eat*  >.f  the  lotto*  It  obvious.  This  hot  to  tie  attributed  to 
the  lokast  of  the  addition*!  pettaqe  shock  end  shock  Induced  Mparetiom 

At  design  speed  and  low  beck  pressure  the  overall  lots**  are  extremely  smell.  No  eeperetlon  Is  Indicated.  The 
shock  toe***  ere  ceuted  by  the  leading  edge  shock,  ire  reaving  the  beck  pressure  e  strong  shock  is  stabilized  In  the  rotor 
channel,  which  Imp*  to  *  separation  el  the  boundary  layer*.  At  apllt  point  condition*  the  throttling  shack  end  the 
peetege  branch  at  the  leading  tdgt  shock  coincide.  Only  one  shock  Is  consider**,'  far  the  determination  of  the  rotor 
loess*.  At  lower  speed  the  composition  of  the  overall  loess*  t»  comparable. 

The  reletlve  flow  In  the  shock-rotor  at  design  speed  end  lowest  beck  pressure  is  si  reedy  throttled  bees  use  of  the 
converging  bled*  passage,  This  cause*  remarkable  shock  toss**.  They  are  re  presented  in  the  model  correlation  again  by 
assuming  an  additional  strong  shack.  Increasing  ttw  backpressure  this  shock  moves  forward.  The  shock  lot***  slightly 
decrees*  because  of  the  Merit  number  distribution  in  the  rotor  bled*  passage.  In  case  of  maximum  throttling  the  leading 
edge  shock,  which  according  to  Merisnd  represent*  the  shook  tosses  in  the  supersonic  pert  of  the  (tow  and  the  Uvottia 
shock  coincide  again  and  the  lueses  decree*#. 

In  all  cease  the  passage  shock  produce*  separation.  Oecaoea  el  the  converging  blade  peesege  geometry  tide 
separation  loesas  for  design  speed  at*  em*U  In  comparison  to  tha  impulse  type  rotor. 


4.1.3  RadlaJ  Distributions  at  Rotor  Exit 


The  radial  distribution  of  tha  flow  Is  achieved  Incorporating  the  described  loss  correlations  In  a  streamline 
curvature  algorithm.  Only  the  separation  losses  are  treated  more  distinctive)  For  the  core  region  these  losses  are 
determined  using  the  flow-through  area  limited  by  two  adjacent  Sl-surfaces  and  the  blade  surface  reap,  the  periodic 
boundaries  downstream  of  the  blading.  Near  hub  and  casing  the  additional  losses  are  represented  by  a  purely  2-D  Carnot 
diffusion  without  accounting  for  the  radial  thickness  of  the  annular  stream  tuue.  As  Fig.  11,  12  demonstrate  the 
procedure,  already  discussed  with  regard  to  the  mean-line  computation,  also  represents  the  spanwtse  distribution  of  the 
rotor  exit  flow  at  different  speeds  and  back  pressures  In  good  accordance  with  the  experiments.  An  Isenlroplc  calcula¬ 
tion  however  falls  especially  In  the  esse  of  high  back  pressure. 


4.2  Supersonic  Compressor  Stages 

The  capability  of  the  presented  loss  models  for  the  performance  prediction  of  supersonic  compressor  stages  la 
demonstrated  here  for  a  combination  of  shock-rotor  and  tandem-stator.  Additional  examples  are  discussed  In  /0 /. 

In  the  case  irtder  consideration  the  flow  It  supersonic  at  the  entrance  of  the  stator.  Aa  the  axial  wall  pressure 
distribution  In  Fig.  13  Indicates  for  low  beck  pressure  operation,  the  flow  Is  still  accelerated  across  tha  stator. 

Increasing  the  back  pressure  an  axlsymmetric  rlng-ahock,  generating  subsonic  sxlsl  flow,  Is  positioned  In  the 
dlffusor  /16 /.  This  shock  Is  poshed  Into  the  ststor  passage  with  stronger  throttling  until  It  It  stabilised  for  maximum 
back  pressure  In  the  entrance  region  nearly  perpendlculsr  to  the  flow  direction.  The  rotor  flow  remtlne  uninfluenced  by 
this  throttling  procedure.  The  flow  pattern  In  the  lnveetlgated  tandem  stators  thoa  can  be  characterised  by  three 
different  sltuetlonst 

*  supersonic  flaw  within  the  blade  passage  In  cats  of  low  backpressure  operation, 

*  moderate  bock  pressure  with  a  strong  compression  shock  In  the  stator,  a.  g.  at  the  entrance  of  the  second  blade  row, 

*  maximum  beck  pressure  with  a  strong  shock  In  the  entrance  region  and  subsequent  subsonic  flow. 

For  a  computational  reproduction  of  .ha  stator  flow  the  Iota  model  and  its  structure  remains  unchanged 
compared  wllh  l he  computation  o I  the  rotor  flow) 

In  case  of  entirely  supersonic  flow  the  losses  are  described  by  the  Monsarrst  model,  This  Includes  the  week 
passage  shocks  beelng  lepreaented  by  a  tingle  strong  entrance  shock.  The  diffusion  factor  and  thus  Ihe  blade  lossee  are 
determined  separately  for  the  first  and  tacond  blade  row.  The  Inlet  velocities  to  the  second  passage  are  calculated  at 
described  In  Ch.  2. 

If  live  throttling  shock  It  steblilrad  Iralde  of  the  stator  passage,  the  losses  caused  by  shock  ln*ieed  separation  are 
again  modelled  by  a  Carnot-dlffusloft.  For  the  calculation  of  the  corresponding  critical  deta  It  la  necessary  to  include  all 
losses  occurtng  from  stator  entrance  up  to  tha  poaltlon  of  the  critical  passage  ero;  laeSlon. 

The  comparison  of  the  measured  losses  s/d  the  results  of  the  described  toss  modal  (Fig.  14)  validates  the  Intro- 
diced  simplifications,  The  low  losses  for  supersonic  stator  flow  consist  of  shock  and  viscosity  tosses  for  both  Nads  rows. 
Increasing  the  back  pressure  moderately  the  los»«  ft;r  the  first  blade  row  remain  constant.  The  boundary-layer  separa¬ 
tion  Induced  by  the  throttling  shock  In  the  second  blade  row  causes  « sharp  Increese  of  the  overall  loses.  With  the  stator 
running  at  splll-potni  condition,  these  separation  lossee  era  rerfecetl  remarkably  by  the  special  passage  geometry.  As 
alto  the  lossee  of  the  eeeood  Neds  row  are  to  be  attributed  only  to  a  subsonic  diffusion,  for  maximum  back  pressure 
again  she  total  loes  reaches  a  minimum. 

The  stags  performance  dtale  calculated  wllh  the  described  technique  and  the  massurod  values  ere  competed  In 
Fig.  13,  It.  Without  back  pressure  the  e»tt  Mach  number  l*  supersonic.  Reducing  It  by  throttling  so  subsonic  magnitudes. 
In  the  tendem-caaced*  e  deceleration  of  the  flow  from  an  entrance  Mach  number  of  about  1,3  to  en  exhaust  value  of  .3 
Is  achieved.  This  corresponds  to  a  stage  static  pressure  rise  of  3.23. 

In  analogy  to  the  less  coefficients  a  drop  of  the  Intel  pressure  Is  registered  and  computed  for  medium  throttling. 
The  further  Increase  of  the  back  pressure  finally  yields  a  total  pressure  retie  of  3,  The  mess  flow  rale  of  21  kg/see  In 
eocortkshte  to  the  eaper'ment  It  determined  by  the  uni  qua  incidence  condition  of  the  rotor.  Tha  corresponding  stage 
efficiency  turns  out  to  be  UK. 


V  CONCLUSIONS 

For  any  application  of  supersonic  compressors  the  perform snet  of  these  components  at  off-design  speed  Is  e 
central  aspect.  In  the  presented  paper  espertmsv**!  and  compot  allonel  results  are  ducweed  with  respect  to  a  prediction 
of  the  performance  of  supersonic  compressors,  U  Is  shown  that  e  theoretical  approach  twceedt  If  in  addition  to  the 
commonly  used  lose  carrel tll-v a  the  following  phenomena  with  significant  influence  era  considered, 

*  bow-stock  Induced  losses 

*  additional  shock  lossee  Induced  by  beck  pressure  rise 

*  shock  Induced  separation 

*  blade  ps sesqe  end  laes  induced  choking 

If  these  effects  are  represented  correctly  s  consistent  medal  algorithm  can  bs  estabthfced  which  Is  vend  for  low 
aspect -r*Uo  eupereoNc  compressors.  Taking  not  into  co-widaretion  the  di  trussed  aerodynamic  features  of  supersonic 


r 
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compressors  for  low  g»od  conditions  at  a  new  deal  go,  tavere  problems  can  be  encountered  during  the  starting 
procedure. 

Based  on  this  experience  futiae  efforts  can  either  concentrate  on  further  Improvement  of  efficiency  and  axial 
length  or  cope  with  new  conceptions  of  supersonic  compressors  Implying  a  remarkable  increase  of  pressure  rise  by  o 
design  with  diagonal  pitch  line. 
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Fig,  i)t  Axial  wall  pressure  distribution  of  a  supersonic  compressor  stags 


Fig.  Ifit  Supersonic  compressor  stagei  Pressure  characteristic 


DISCUSSION 

F.Leboeuf,  Fr 

In  which  way  are  you  handling  the  unique  incidence  and  choking  conditions  for  u  particular  streamline  in  your  through 
flow  calculations? 

Author’s  Reply 

We  have  two  computer  codes:  the  first  is  a  mid-span  streamline  code,  which  calculates  the  integrated  choked  area  over 
the  radius  and  diminishes  the  effective  frontal  area  of  the  rotor  accordingly.  'Hie  second  code  is  a  streamline  curvature 
code  where  we  first  look  at  choking  for  each  streamline,  and  decrease  the  muss  flow  if  span-wise  choking  occurs,  and 
the  Mach  number  is  not  totally  supersonic  across  the  span. 


FJLebocuf,  Fr 

Is  your  code  able  to  handle,  for  one  stream  tube,  multistage  compressors? 

Author’s  Reply 

We  have  applied  the  code  to  a  rotor-suitor  combination  with  several  stator  blade  rows.  I  would  think  that  we  can  do  it 
for  two  stages,  although  we  ltavc  not  done  it  yet.  It  is  Just  u  matter  of  Introducing  more  “its"  in  the  program. 
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RESUME 


Dans  la  conception  de  turbooachines  de  technologie  avancde,  l'un  dea 
aoucia  constants  eat  la  rtduction  des  pertes  induitcs  par  lea  phinonines  aSro- 
dynamiques. 

Trie  schSoatiquement,  cea  pertes  ont  trois  originea  : 

1  -  Pertes  ltbea  an  choc  de  bord  d'attaque 

2  -  Pertes  IISes  au  choc  principal  de  recoaprsssion 

3  -  Pertes  de  frotteaent,  lides  2  Involution  des  couches  limltes. 

Pour  des  conditions  d’entrte  et  de  sortie  donnfea,  un  desain  Judicieux 
des  profile  utilises  peut  permettre  d'obtenlr  un  niveau  minimum  de  pertes.  Afln 
de  guider  le  desain  de  profits  3  performances  optlmales,  divers  trsvaux  3 
dominants  experimental*  ont  ft!  aents  rdceaaent  3  l'ONKRA,  et  cet  article  ae 
propose  d'en  presenter  lea  rtaultsca  eaaentiela  i 

-  choc  de  bord  d'attaque  i  influence  de  la  forme  du  bord  d'attaque  aur  la  trace 
du  choc  et  son  impact  aur  I'extrados  de  l'aube  lnfdrleure  i 

>  analyse  expgrimentaU  ddtailU*  d'un  montage  simulant  un  acul  canal  interaube, 
et  deatlnle  3  veltder  certains  prlncipes  sur  1' interaction  onde  de  choc  * 
couche  limite  en  turbomachines. 

-  analyse  expdrlmsntale  global*  d'une  grille  d'aubes  dont  let  prof 11a  ont  M 
conqus  eplclaleaent  pour  minlmiser  lee  pertes  Hies  su  choc  de  recompression  et 
let  pertes  vlsqueuees, 

Tous  ces  treveux  concernent  des  (coulements  bidiaenslonnels.  Un  accent 
pertlculler  sera  ait  sur  l'utlllsstion  alterntc  des  mtthodea  thtoriquae  de  cslcul 
et  dee  mithodet  expdrisantsle*. 


AtSTRACT 


SHOCK  HAVES  LOSSES  ANALYSIS 


In  sdvsncsd  technology  turbomschinery  design,  reducing  aerodynamic 
loesea  te  sn  import sot  astttr.  Schematically,  these  loaees  have  3  origins  I 

1  -  losses  relstsd  to  thm  lssdlng-edgt  shock 

2  -  losass  rslatsd  to  the  satn-coepreeslon  shock 

3  *  friction  losses,  releted  to  the  boundary  layer  evolutions. 

tot  given  inlet  end  outlet  conditions,  e  judicious  designing  of  the 
blede  profiles  aey  induce  e  alnteue  loss  level.  In  order  to  euccsspfully  conclude 
such  s  deelgn,  soee  rather  experimental  work  has  recently  been  carried  out  in 
QNXtA,  the  main  results  of  vfcieh  will  be  presented  In  this  paper  I 

-  leedlng  edge  chock  t  the  Influence  at  the  leading  edge  shape  on  the  shock  end 
oo  its  leplngsmsot  on  tha  lower  blade  suction  surface, 

-  experimental  analysis  of  t  single  bUde-to-blsde  passage  in  order  to  validate 
certain  principles  concerning  ehock/boundary  layer  Interaction, 

“  experimental  enelyels  of  a  cascade  in  which  the  Made  profile  le  specially 
designed  to  mlnleiss  tha  loeeee. 

All  these  projects  were  done  on  two  dieentlonal  flow.  The  alternate  use 
of  theoretical  end  experimental  methods  will  he  emphasised. 


4  Travail  effectul  sous  central  SKECKA 


I.  INTRODUCTION 


Ce  papier  a  pour  but  principal  de  donner  une  analyse ,  ausal  dferaillAe  que  possible,  des  pertes 
dues  aux  ondes  de  choc*  En  effet  dans  la  conception  des  turbonachines  de  technologie  avancde,  l'un  des 
soucis  constants  est  la  reduction  des  pertes  induites  par  les  phAnomAnes  abrodynaniques . 

Tr8s  schSoatiquenent,  ces  pertes  ont  trois  origines  : 

1  -  Pertes  H6es  au  choc  de  bord  d'attaque, 

2  -  Pertes  IISes  au  choc  principal  de  reconpression, 

2  -  Pertes  liAes  3  la  viscositA  du  fluids  (frottement)  y  coopris  1* interaction  a vec  le  choc  principal. 

Pour  des  conditions  d'entrhe  et  de  sortie  donnfee,  un  dessln  judlcieux  des  profils  utilises 
peut  permettre  d'obtenlr  un  niveau  mininun  de  pertes.  Afin  de  guider  le  dessin  de  profile  A  performances 
optlmales,  divers  travaux  A  dominante  expfrlmentale  ont  St A  menSs  rSceaaent  A  l'ONERA,  et  cet  article  se 
propose  d'en  prlsenter  lea  rSsultats  essentlels  : 

-  choc  de  bord  d'attaque  :  influence  de  la  forme  du  bord  d'attaque  sur  la  trace  du  choc  et  son  impact  sur 
l'extrados  de  l'aube  infSrieure  ; 

-  analyse  expSrimentale  dStaillSe  d'un  montage  simulant  un  seul  canal  interaube,  et  deatlnSe  A  vallder 
certains  principes  sur  1* interaction  onde  de  choc  -  couche  Unite  en  turboaachlnes  ; 

-  analyse  expSrimentale  globale  d'une  grille  d'aubes  dont  les  profile  ont  StS  conqus  spScialement  pour 
minlalser  les  pertes  IISes  au  choc  de  recompression  et  les  pertes  vlsqueuses. 

Tous  ces  travaux  concernent  des  Scoulements  bldlmenslonnels,  Un  accent  particulier  sera  mis  sur 
l'utllisatlon  alternSe  des  mSthodes  thSorlques  de  calcul  et  des  mSthodes  expSrlmentales. 

II.  BERETS  DUS  AU  CHOC  DKTACHB  DU  BORD  D'ATTAQUE 

2.1.  Rappel  des  phSnomAnes 

II  est  blen  connu  qu'un  Scouleoent  supersonique  attaquant  un  obstacle  qul  prSsente  un  nez 
AmoussA  provoque  une  onde  de  choc  qul  se  df cache  devant  celul-cl.  L'Scoulonent  aval  comporte  slots  dans 
la  rSgion  frontale  un  domains  alxte  subsonique-trsnssonlque  plus  ou  mains  coapllquS  [1). 

Cette  onde  de  choc  est  sccompagnSe  d'une  augmentation  d'entropie  liSe  au  nombre  de  Mach 
Incident  et  A  1'Spaiseeur  de  bord  d'attaque-  Cels  se  traduit  par  une  baiaBe  de  la  presalon  d'arrtt 
difference  pour  cheque  filet  ie  courant. 

Ces  pertes  sont  thCorlquement  prises  en  eomptc  par  les  aAthodes  qul  rtsolvent  les  Aquations 
d'Buler  mats  sunt  en  fait  souvent  IgnorAes  quand  le  type  de  msillage  uttlisA  n'est  paa  sufflsamment 
rafflnA  au  bord  d'ottaque,  ee  qut  est  prstlquement  toujours  le  cas  pour  les  aubes  supersoniques.  C'est 
pourquol,  dsns  une  ttude  uptctfique,  1'on  avalt  diaaoclt  1*  phAnomAne  du  choc  dftacht  du  calcul  coaplet 
de  I'lcoulenent  autour  d'une  coupe,  de  faqon  A  l'Atudler  seul  et  de  connaftre  alnsi  ton  Influence  propre 
sur  les  perforeuincee  de  mitte  coupe  (2). 

Dsns  le  css  d'une  grills  d'aubes  (figure  l),  la  presence  de  horde  d'attaque  arrondls  (plutOt 
que  poincue)  entretne  nne  modlficetton  de  I'Acoulsaeot  aoont  par  l'apparltlon  de  pertes  suppldmentalres 
dues  au  choc  dttacht. 


Si  de  plus,  on  peut  sppllquer  1  la  grille  la  concept  d'lncidence  unique,  un  bord  d'attaque 
AsouseA  ttnd  A  auguvnter  l'angle  aaont,  par  modification  gAomAtrique  de  la  tone  do  captation.  On  rappelle 
icl  elsplement  que  ue  phtoomJne  d'lncidence  unique  rtsults  de  1' Independence  du  domeine  aaonc  par  rapport 
au  dome loo  aval  -cvtte  independence  existent  aoua  cartainaa  conditions  dtcritesen  ( 3 J- . 

glen  que  tout  ces  phAnomAnss  sclent  intlasmsnt  lUa,  i'eifst  d'un  bord  d'attaque  arrondl  par 
rapport  A  un  b.A.  poiatu  peut  Atrt  dtdoublt  i 

*  tout  d'aberd  un  effet  dS  A  i'augeentatlon  des  pertes  A  tracers  is  choc  de  bord  d'attaque  i  le  ddblt 
maxisum  est  rtdult,  et  l'lncldence  unique  volt  as  valour  sugmenter, 

-  enaulte  un  sfftt  directsment  dS  A  U  modification  da  la  giomltrla  I  l'lncldence  unique  augments.  Cet 
•ffet  a  Itt  analyaA  par  SCarken  [A{,  dans  una  Atuda  systlmattque  do  I'lnVluanca  da  l'Apaieeaor  d'subee 
en  forma  da  plaquea  (l'Apaiaeaur  du  bord  d'attaque  Ataat  (tpportle  au  pas  de  la  grills) . 

Dana  cstte  (tude,  asuls  une  touts  petite  partis  dee  pertss  ant  prise  en  compte  et  c'est 
osaentlet lament  1'afftt  da  la  glosAtrlt  qul  spparatt  sur  las  rAaultata  proposts  sous  forma  d'abaquaa  trta 
utllas  pour  svolr  una  bonus  approximation  da  1' Influent*  du  rayon  da  bord  d'attaque. 

L'Atuds  dtjA  cltta  an  rAffranca  (})  fait  rsssortir  l'ef fat  du  cumul  das  pertss  dO  tux  branchat 
montsntes  dss  ondss  da  choc  dttaehtes  qul  remontant  I'Acoulement.  Cette  parte  chlffrable  correspond  A  una 
variation  da  1’ incidence  unique  par  rapport  A  un  cas  od  Its  suben  ssrslsnt  polntuta.  Toutsfots  cat  sfftt 
ns  as  (tit  vratwnt  tsntlr  qua  pour  das  nombras  da  Kach  tgaux  ou  supArUurs  A  1,4.  Alnsi  an  touts  rigutur 
11  faut  cumuler  las  deux  affata  (glomAtrls  at  psrtaa)  pour  obtanlr  uua  estimation  cor tecta  da  I'incldanca 
unique* 
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2.2.  Rappel  du  prlnclpe  d'eatlaatlon  dee  portae  da  bord  d'attaque 

L«  calcul,  comm  11  «*t  lndlqul  dane  []}  conalate  d'abord  1  dltermlner  wail  ftneaant  qua 
poaalbla  la  chaap  da  l'lcouieaent  crSt  eutour  d'une  plaque  plana  laolfe  pour  un  noabre  da  Kach  1  l’lnflnt 
aaanc  at  we  tpalaeaur  donnCe. 

A  cat  elfet  on  utlllaa  un  calcul  peeudo-lnetationnalre  dana  la  rtglon  du  bord  d'attaqua 
auifleaaaent  loin  da  la  llgne  aonlqua  pour  qua  1<  chaap  da  vltaaae  rlaultant  aolt  frenchanaut 
auparaonlqua.  La  calcul  aat  alora  pouraulvl  par  la  althode  dea  caractlrlatlquee. 

En  aa  plaqant  aulflaaaaant  loin  an  aval  da  fapon  1  ca  qua  la  choc  aolt  davanu  Ivanaacant,  on 
paut  alora  obtanlr  par  intlgratlon  da  la  praaaion  d'arrlt  locale  Pj,  ( y)  U  parta  aoyenne  relative  d'un 
tuba  da  courant  da  dibit  ft.  captl  aur  uno  hauteur  I  partlr  da  la  plaque  aaloo  la  foraula  lndlquta  aur 
la  planche  n*  2. 


14-  2.  SOtlhl  fit  WSIKttf  .80  CALCUL  DO  U  «Stl  fib  MIMldai  D'AJUUT 
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2.3.  Application  hub  coupes  d'auhea  superaoniquea 


Lea  rAsultats  obtenue  par  ia  nfithode  rappelbe  ci-dessus  soot  appliquSs  aux  coupes  d'aubes 
aipereoniques  ;  deux  caa  dlstlncts  sont  alora  A  envlaager. 


2.3.1.  Pettea  A  1'entrSa  de  la  grille 

Dana  le  caa  d'une  grille  d'aubes.  13  y  a  lieu  de  conaldtrer  toutes  lea  branches  ou  parties  de 
branches  concernant  cheque  canal  lnteraube.  La  planche  3a  illuatre  blen  cat  effet  oh  l'on  volt  que  pour 
un  tube  de  courant  11  faut  prendre  en  coapte  toutes  les  parties  de  branches  d'ondes  de  choc  auccesslves. 
Le  calcul  aontre  que  seules  quatre  ou  cl  aq  branches  sont  A  considSrer  au  maximum. 


2.3.2.  Pertes  totales  provoqudos  par  l'onde  de  choc 

Pour  connate. -e  la  perte  totale  dans  une  grille  d'aube  provoqute  par  l'onde  de  choc  dttachte  au 
. bond  d'attaque,  11  faut  tenir  coapte  en  outre  selon  la  configuration  dtudide  de  la  branche  InfArleure  du 
choc  Issue  du  bord  d'attaque  de  l'aube  supdrleure  (planche  3b).  Comae  11  eat  indlqut  dans  [2]  l'on 
adaettra  en  prealAre  approxlaation  que  le  aupplAaent  de  perte  provoqud  par  la  branche  lnfdrleure  est  dgal 
A  celul  donnd  par  la  branche  supdrieure  du  choc. 


3a.  PERTE  A  L* ENTREE  D'UNE  GRILLE  D'AURE 


3b.  PERTE  TOTALE  PtOVOqUSS  DANE  UNE  GRILLS  PAR  L'ONOE  DE  CUOC  DETACH  BE 

P4.  3. 

Lea  rdsoltats  prenast  un  coaptt  les  dlffdreotss  branches  d'onde  de  choc  pour  un  rapport  fi/'t 
doonl  sent  reprdtuncta  sur  la  planche  n*  A. 

3.  ANALYSE  THEORltWt  NT  EXPSRlhHNTALE  DE  L* INTERACTION  CHOC-COUCH*  UNITE  DANS  UN  CANAL  TRANSSONIC.* 


3.1.  Rut  techerchd 

Le  but  de  cette  operation  peut  Itre  rdeued  ea  deux  potnte  princlpaux  I 

a)  tout  d'abord  la  recherche  thlotlqua  d'ua  prod!  alnlalsant  laa  pertes  dues  tux  sffett  vlaqutux  dans  un 
canal  da  grills  d' tubas  tttnssoalque , 

b)  ensutts,  la  validation  txpdrlaentala  das  Idles  et  dee  ettbodee  de  calcul  el tee  eo  oeuvre  daoe 
1'approche  nualrlque. 

L'optlaiaetlen  d'un  protU  dolt  gtre  envliajte  globaleatat  i  le  gloaltrle  llnlrala  du  cenil 
g'Hiverne  fvldeaaeut  I'eneeeblt  de  I'leeulaaent,  mala  det  phtnoalcsi  locaux  tala  qua  dlfachaeant  da  choc 
da  bord  d'attaque.  fpeiatlsitMnt  dta  couchaa  Unites,  ont  uae  lapottaact  non  nlgllgtablt  loraqu'll 
s'agtt  d'augMnter  l'eftlcaclil  da  U  grille.  U  coaplaalt*  du  problfcaa  eet  accrue  par  le  felt  que  tout 
cee  UltMU  tiagleaeat  Isa  une  eur  lae  tut  ret. 
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ri*.  *•  am sm  ots  Marts  totals s  Movoqutn  m  t/omt  w  owe  wtaciu 
DAX5  u  canal  irruiuu 

1st.  *oud  «ou»  MMI  plutSt  Ituctill  I  coactvolr  uu  (ktlirl*  du  ciul  <|ul,  ceapt*  t*ou  da 
i!4v«lopp*M(jc  in  couch**  Malt**,  aialad#*  1'luUsaltt  4u  <ta  principal  4a  coaptaaaloa-  upbt 

ms  dcKibla  t 

-  tdductioa  4a  a  p*(tn  eu  tn»<ti  du  choc, 

-  rAJucttoa  4a*  vitduaua**  par  noo-dtcoUuaauc  da*  cc-ucLaa  MaMte  utrado*  M  latr*4o*> 

J.i.  Ceucaptisa  du  Cfotn 

S.J.t.  fettl*  «*o«t  4u  caul 

U  parti*  itwt  du  caul  **t  cooattulc*  ealoa  daa  ti|lM  elaplee  > 

*  coacauoir  smm  (taitrli  ilalaliMt  laa  lurvltaaaa*  tout  *e  lull  rialiat*  (Ipilimr  nIIImmi, 
tautwt  4a  caul  paiMtsu;  i'aaert<4*  4*  I'kailwat), 

-  utillaar  la  coaprMaiea  due  au  choc  ohU*u*  4*  hwt4  4'mU|w  pour  nlittlr  *ur  l'aatrtdat  I'katlaant 
amt  la  choc  principal  • 

Ua  ealcul  4a  flulda  patfalt,  a*  aod*  direct  dan*  cast#  parti*  4u  caaal  fouratt  alar*  la  r*par- 
tltlaa  4*  la  vltaaaa  ear  l’anttado*  da  profit.  U*  celcvil  4a  couch*  Halt,  (a*  Mad*  dlract.  Hithad* 
lat((r*l*i  rlplM  Ualultt)  paraat  alar*  4 'i valuer  laa  caiacitrlatlaua*  4*  la  couch*  Uaita  m  Umh  4* 
t'iopact  4u  choc  ahlUo*  laau  4u  herd  d'aetHu*  auptriaur.  A  cat  aadreit,  o*  adaal  ua  traaaltiaa 
poactuaila  a  vac  4a*  ralatlau  aaplrlpM  4*  aaut  4a*  irudnri  lutl*ral«a. 

Raaulta  La  coach*  Malta  turhulaaca  oat  calculi*  (a*  and*  41  race)  tar  ua  court  plrtam.  pMpt'1 
ua  polat  chela!  athlttairiaaat  coa a*  tract  la  dihat  d'lauractUa. 


3.2.2.  Gloeltrle  de  I’extradoa  dans  It  tone  d' interaction 

La  couche  Halt*  attache*  eat  done  connue  ju*te  4  l’aaont  de  l'intcraction.  De  14,  un  celcul  en 
a ode  Inverse  e«t  e*n|.  La  donnle  de  ce  calcul  e*t  une  Ivolution  du  coefficient  de  frotteeent  parlltal 
en  fotctlon  de  lfabeclase  curviligne.  Dana  la  region  du  choc,  le  chol*  de  cette  Evolution  eet  fait  en 
utlllaant  divert  critlrea  eaplrlquea  (5J.  Deux  rlsulteta  important#  toot  latua  de  ce  calcul  : 

a)  une  repartition  de  viteaa*  aur  la  partie  a  de  l'extradom,  dana  laquelle  une  forte  coapreatloo 
traduit  1' impact  du  choc  principal  fig.  5, 

b)  une  Ivolutlon  de  1‘lpaiaaeur  de  dlplmceaent  de  la  couche  Unite  (qui  aera  utiliale  pour  dltermloar  la 
gloaltrie  rlelle  du  canal). 

La  rfcpartitioo  de  vitease  ci-detsut  eat  alora  introdult*  coon*  donnle  d‘un  calcul  de  flulde 
parfait  en  mode  Inverse.  Dana  ce  type  de  calcul,  le  dibit  eat  contervf,  et  l'on  obtlent  lj  gloaltrle  de 
la  llgne  de  courant  correspondent  4  la  parol  aatlrlelle  de  l'extrmdo*  dlplacle  de  v  (6palaaeur  de 
dlplaceaeot  de  la  couche  llalte). 


rig.  3*  Hitm  w.  mssto#  mm  turns 

Kt  M  L‘ IKTtUfiOS  iM  tiutt  Him  KKi*  u  oum  IW 

!»SJSs‘is«.!a.eisiyJi£*l 

U»  parol  auptrteura  4u  e.Mt  -.oi  «l»uU  t'lntrrj#.-  »  4tl  iliaralftla  par  tetaytha*  .owc.stvs* 
1  l'*U«  tit  cateul  rloWe  pat l»l<  «  u*l'Uw«  <awle  !evir*«  poor  la  pm  la  auhsaol-tua  cm  «*al  4u 
choe).  t'tpataaacir  4a  ilplacaunni  cur  cats.  parol  wt  foucala  pat  uu  calcul  it  cuuch*- Malta  ce  *»ie 
lltKt. 

I*  ttopttrt*  4tfUUl»«  4u  tapal  cat  cMftn  chtamw  e.<  tra«alataat  it*  t*6palaa«u?  4« 
<Uplacaa*«t  ff,*l»*  pant*  Httlw.  IUiIim  4a*  calcul*  a*  flulia  parlalt. 

t'.apccc  ttaal  iu  coat  ««t  pc 4a*  tl  aur  1*  Hi,.  4. 


W.l.  ltrt««At.tlc.  4a  |a  mnuatta 
J. 1.1.1.  tchalla 

t'lchall*  4*  la  Mtcttc  a  111  chalal*  tail*  t«  i 

-  1..  cMlltlwi  |4«it*trlc«.  4*  L  iMlUcrl.  utllUia  latual  u  Main  4a  tqwUi  procha  4a  t«u 
ta«cc*tr4*  4*aa  la.  aachloaa  14*11**, 

*  la*  4lMMim  (tallaa  4a*  touch**  Italia*  aalawt  •aautaMt*  par  laa  aey««*  cl*aal,u*a  4Upe*lhlaa . 

t»  «ul|ii<ac<,  laa  amtlrl«tl|iM  prlao.paUa  4a  aal a*«  at  4*a  aaaala  a**t  la*  MlHatw  t 
Ca*4ltlgftt  iMwnit.1  i  (4.* 

nSwRIafiaw  53  ft*  “  tdO.OOO  p* 

t*  -  115  * 

t  paa  •  0,110  a 
e«r4«  •  0,250  a 
«****4wr*  -  0,100  a 


>Utuatt« 
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4.  ctwmu  ;«  iwow. 

my***  i*  mMi 

U  **tw*tts  sst  tcslllts  4«  WJ  *f!a»s  it  atstH*#.  pets  *•  4$tst*l«*el«at 

ssstst*  ittittt  it*  ttfsttltliM*  it  Jitnlw  ?«(«*«  St  1  *5 tl4+* ,  t  I*  f*!«  iw<  Is  pis*  *441  **,  «< 
4*S*  iM  y!*M  UtliMI  {p**t  sttlllsf  t*  Mila*MlS*AsHl*  it  I'tCSW)*****  i***  U  t«  (setM)s). 

*W»»  1*  (Mta  Halts.  Is*  pfsSlla  4*  ptsssli*  4's»t*t  Ml  *s*w<*«  (Wf  •»*.*• sis  4s  t?r* 

»lui< 

U#  (Willed  lies*  it  i “ Its* iMsut  (AliCItW  H  asset's  4*  Hitt,  ft ***{«*  (Wf»ifU«) 

*041 1  mr-ftt**,  *  !'*s**t  4*  1*  Sscustts.  Ml  *M  «*4*  *4*ltt«r«  (4  !.$  at)  *  >  irMS,  M  t*  t«s$ttsl*S« 
(btfttiiM  ivsr  w  ftmitaMi  teu  Is  cKmU««  U  ttSHiUUuilK. 

Wa  HHlI  ftilltlMlM  Mt  (MU  (?(*!*  Mil  rxl***  h«  H  (Vy  it  (•(<  I'lllHW  ' 

ttlsWI  «t  **  tMSUt  <ltkU  *i  C(t(M  eidit  it  M  (MJHtsnwl  «s  dwi  >tl|<  I).  CDw* 

1*  lull  fdvlfsl  Kill  it  fltl«*(l  Is  t#ta  iNittMIlM  it  Ms  isfSct  Ml  I'HIKId,  «*i  WIIKilM 
<s  1#  iMl!l«  ItSillH  In  ini  H'fll*  *  4«  Kit  tMW-  ts  IlfiitUli*  4*  unsln  *«»4t Meartai*  w» 
I'ltlti4«i  i kd  Hrftl  aim  it  t*^*m  nil  MIlifaluMl  ta  Itf-attltl**  la  fSMala*  lUwlitM 

fats**  |tl|.  •).  aim  «w<  *>l  riMI«M>  <*s  KIOtHM  Maw  I  41m  sm» 

>•).).  jjmtaj.ja  ja  iawM  iUllt  >vt_l:Hi;tlJ( 

ts  cokIh  Halts  ntiaKi  s  ill  Isnita  aa  Kffltnitt  t*ti •  laaa ,  »  I'aam  #t  4ut  is  (aw 
1'uiwwilaa,  Mill  4*a  a  talas*  ta  farMtlMsawsst  sawta  at  4aai  nil  (f«*.  *). 

tss  mflla  4s  <lwl«liM  (  St  j  it* )  Mat  iltsila  tai  petlla  <U  ^walas  4'antl 

•aawta  (<l|.  10). 

5m  Kaaltaa  lulffallM  4s«  fts'l!*  is  vllaaaa  aat  aatuld  tl(Klaia  t  fwitlr  4sa  Ikwltaia 
walttaasliM-  Twltfalt  a*  tsl  ttpt  4' 1*1  (gratia*  yaw  (t(s  luultlalwil  *9  I'm  wttsa  4'lal«tiaaH# 
|4M  4s  U  ystsl.  fan  pal  Hat  Mill,  tscaaw,  09  yrnHa  1  M  *jMt«*s*t  4*a  pfstUs  tt^fUaaliaa  jaj  4sa 
fttllla  tiltrlMa  <4Us  ‘4a  ialsa1),  fvts  I‘*tt9|iailaa  44  css  ytailla  Sat  aatla .  i*a  iltHtaSMi 
falnlaa  Saits  Us  Itsaluu  4sa  4ss*  Isttgrstliaas  as  asat  iMliaa  tafaa4aal  aaa.i  (illlsi. 
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Fig.  7.  CONFIGURATION  DES  ONDES  DE  CHOC  DANS  LE  CANAL  INTERAUBES 


Fig. 8.  REPARTITION  DE  PRESSION  EXPERIMENTAL!; 
APRBS  DIFF8 RENTS  REGIAGES 


FU.  9.  CONFIGURATION  DPI  HENOMUU  QAU&  L£  WMXWl. 
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La  principal  rleultat  cat  prdaentf  aur  la  fig-  11  oft  l'flpalaaeur  de  dlplaceaent  dddulte  da 
1 ' experience  eat  conparte  1  la  preaelon  ehlorlque.  Conpte  tenu  dea  erreure  expdrlaentalea  (lnlvltablca 
aur  la  nature  de  phfaoatnea  da  dioenslofte  auaal  patltaa),  on  volt  qua  l'accord  eat  aatlafalaant  antra  lea 
valeure  expdrlaentalea  at  la  courba  thfortqua.  Caa  rdcultate  aontrant  done  qua  lea  prlnclpaa  d'opttol- 
aatloo,  utlllata  pour  la  concaptloo  du  proftl,  donna nt  daa  rtaultata  lnttreaaanta- 


Courbe  tMorlqua 


pi«.  u.  tvouitioa  mi  L'missm  w  coucut  i/.hits  m  vmjs&catt 

50*  L'&mUDOS  00  WWO-CAKAl 


«.  wotmi  mptsiHSumr  trust  oatut  nwiti  on  its  mtts  ww  mammas 

Cast*  trolaidae  part  la  caaearat  uaa  grille  auparaoulqua  1  Kant  rcadedeat,  at  aa  partlcullar  aaa 
purloneaocee  uplrlMatalaa. 

In  aftatt  I'eccroUaaMnt  Aaa  patforaancae  daa  UrbotaacMnaa  a  conduit  I  avoir,  data  laa 
eoapreiaauti,  daa  nlvaaux  do  vltaaaa  da  plua  an  plua  tletda,  at  l'oo  treuva  frtqu*a*e«t,  dint  laa  Coupe* 
da  tdta  actuallaa,  tw  frcoultaent  ralatlf  taunt  auparaoelqua,  I'lcouleaaot  aval  leant  toujoura  auStenlqut- 
On  a  alora,  da oa  la  canal  latereube,  tout  u*  tyitdai  d'o will  da  ekoc  pouotat  aaaaar,  at  I’m  na  prtnd  paa 
certiloia  prdcautiota,  ua  dtcoUeaant  da  la  coueba  Unite-  C'aat  alual  qua  I'm  a  aouoeflt,  daot  laa 
coupea  d' tube a  auparaoatquaa,  da  tr*a  aauvata  raadaaaota  dtta  aux  part**  par  dhM  at  par  affata  vlequeux. 

four  alnlalaer  caa  partaa,  11  tat  poeatbla  d'appltqwer  certain!  principal  da  eoeaeroettea,  at 
el  oa  aa  Unite  I  uu  noabra  da  Kach  ralatlf  tastt  audit 1,  da  I'ordra  da  1,*,  oft  pact  odtealr  daa  an  bat 
auparaoaltuaa  ayant  aa  tib  bwl  natout,  pucia  da  calul  daa  tuku  cabaoclquaa. 

4.1.  CKoU  du  profit 

L*  object  U  principal  *  attaladra  aat  la  aalaaat  i  la  italn  aa  Mach  I  1‘aaoat  da  due  principal 


10-10 


de  conpresaion  (choc  droit)  doit  fctre  au  plus  fegal  A  1,32  euviron.  Cette  valeur  correspond  4  un  saut  de 
pression  au  travera  du  choc  tel  que  la  couche  Unite  ne  dicolle  pas. 

D'autres  critferes  (tel  que  le  critSre  d’aaorqage)  et  difffcrenta  paranStrea  (nombre  de  Mach  et 
direction  de  I'ficoulenent  anont,  contraintea  mlcaniques),  sont  auaai  pris  en  conpte  pour  la  definition  du 
prof 11.  Celle-cj  a  rlalisfce  A  l’aide  de  cathode  de  calcul  de  fiuide  parfalt,  en  faisant  largement 
a.ppel  au  node  inverse  [6] . 

4.2.  R£aultats  dossal 

A  partir  du  profll  prScldent,  une  maquette  de  grille  plane  a  6t$  rfialiaSe,  puls  easayfee  dann  la 
•oufflerie  S5Ch  de  Chalais-M‘r:idon.  Le  noobre  de  Mach  anont  est  1,42,  et  lea  esaais  ont  6t6  menfis  en  vue 
d’obtenir  un  taux  de  conpressiou  suptrieur  A  2.  Lea  r&glagee  du  vannage  aval,  et  du  niveau  de  la  pression 
dans  lea  caissons  d’ aspiration  latlraux  oil  dfcbouchent  lea  pilges  A  couche  Unite  parKtaux,  pccnettent  de 
faire  varier  A  la  foia  le  rapport  de  pression  otatique  de  la  grille  et  le  niveau  de  la  convergence  de  la 
vein* . 

Les  rfcaultats  lea  plus  inporcanta,  tirSa  dea  nonbreux  essaia  effectufca,  peuvent  dtre  r6sun6a 
dans  le  tableau  cl-aprds  : 


U  apparatt  que  let  performances  uaxlesles  atteintea  en  Icoulenent  bidtnenslonnel  correspondent 
k  un  taux  de  conpressiou  steclque  de  2,1  svec  une  efflcacitl  de  0,9H.  line  coupe  de  roue  nubile 
fouctlonuant  dans  let  nines  conditions  donnerslt  un  tsux  de  compression  (sbsolu)  dc  1,92  avec  un 
rtndsneat  leant ruplqu*  de  0,926,  c'estHhdire  dss  performances  trlt  llevles. 

Une  analyse  rapid*  permet  ds  dlconposcr  1st  pertes  de  presalous  d’errit  qul  sont  de  l^rdre  de 
5  l  en  trots  parte  k  peu  prla  Igales  i 

-  couches  Unites, 

-  choc  oblique  et  choc  droit  (estivation  4  partir  du  ealr.il  non  vlaqueux), 

-  choc  dltaehl  da  bord  d’sttaquo  (estimation  d'eprls  rtf.  m>. 

U  tit  trti  dlfflcll.  it  reebtrehor  dt.  p*rt»e  plur  (tlblet  t  ««  «((*t,  It.  cwicli.it  Unite. 
»a»t  UH  ttlt  elacM.  prtttquteuat  uni  tlcolUeaat  coept*  t.nu  de  1*  ftlbls  inttn.ltd  du  choc  prlaclp.l 

t  1'. xtr.de  comm  1  1'lntrtdot.  11  *tt  lupot.lbi.  du  rldulr.  davant*,*  it  ooebr.  4*  Kuch  dc  c  ciioc 

principal  (1,)  to  eoyuooa)  auu.  aepdehar  Vtulo-Mturt*,.  it  U  grille. 

In  outrt,  U  o't.t  ,u4ro  pUutlblt  d'tnvlttjtt  tu  tilvttu  d»t  tppilctlltmt  lnduttrltHut  4*t 
profile  tyant  dtt  bord.  d'ttt«.u*  plot  elnet*.  htnai,  l.t  parforeunc*.  etturdut  daoa  ettt#  ,rlU«  corru.- 
pondtat  I  it*  vmltun  vtaiaaebUbiaaant  optleaUa. 

».  TOKCU>S10M:> 

AfU  d'.pport.r  out  at  da  I  it  cww.ptlcfi  dt.  turboetcMwtt  ayaot  dt  bom*.  ptrCoretM.*,  it. 
dlffdruatta  ttyrcM  4.  ptrt«.  \)ul  tpp.rti.i.pt  dau  1'AcouUeaot  t  U  tr.v.r.4.  d'uo*  ,riil«  d'tubt. 
wip.rwjol.ot  aeot  Itl  rappellae  *t  wulytita. 

L'ecctof  *  ltd  elt  partlculltraeeat  tut  U«  purtea  dun.  1  1'oodt  du  choc  ddtuchdu,  proeoqudu 
pur  l'arroxdl  do  bord  d'ette^ua. 

***r  nliituru  4t«  principal  d'optlaUatioA.  uyuat  pour  but  du  rtdulr.  i'Utuaultl  du  choc 
principal  it  it  •»  Utttiecloa  •<«  1*  couch.  Halt.,  oot  hi  appllquta  at  ualtdti  hu  la  cm  d‘uo 
ci«*l  lattruub*  »t  d'uau  trill.  d'uubuu  eupurwooiqoe. 
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EXPERIMENTAL  INVESTIGATIONS  ON  SHOCK  LOSSES  OF  TRANSONIC  AND 
SUPERSONIC  COMPRESSOR  CASCADES 


H.A.  Sehreiber 


DFVLR 

Institut  fttr  Antriebsteehnik 
Postfach  90  60  58 
5000  KUln  90,  Germany 


The  losses  of  transonic  and  supersonic  compressor  bladings  are  due  to  viscous  effects 
and  due  to  entropy  rises  in  shock  waves  arising  in  the  entrance  regions  and  passages  of 
the  blades.  Depending  on  inlet  Mach  number,  inlet  flow  angle  and  back  pressure  the  shock 
loss  level  reaches  40  to  70  percent  of  the  overall  losses.  Most  of  the'  loss  prediction 
models  in  use  consider  viscous  and  shock  losses  separately.  However,  very  few  quantita¬ 
tive  experimental  data  of  shock  losses  are  available  to  verify  these  models. 

In  this  paper  a  separation  of  the  viscous  and  shock  losses  is  performed  by  the  analy¬ 
sis  of  wake  measurements  behind  some  compressor  cascades.  The  cascade  tests  have  been 
performed  in  the  inlet  Mach  number  range  from  0.8  to '1.7.'  Detailed  information  is  pre¬ 
sented  about  the  shock  structure  and  the  region  of  shock  boundary  layer  interaction  in 
the  blade  passage  of  a  supersonic  cascade  obtained  with  the  aid  of  laser  anemometry. 
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axial  velocity  density  ratio 
streamtube  height 
blade  chord  length 
Mach  number 

isentropio  Mach  number  «  f (p/pt . ) 
Mach  number  upstream  of  shock  wave 


«-<>2w2sin  { PjWjSinfi.) 


! 


Mach  number  behind  shock  wave 
statio  pressure 
total  pressure 

total  pressure  ratio  across  shook  wave 
blade  pressure  coefficient  «*  (p.  .  -p)  /  (p.  ,-p. ) 

Reynolds  numbor  *■  11 

relative  radius  of  the  leading  edge 
blade  pitch 
pitch  chord  ratio 

distance  downstream  of  the  leading  edge  (x-oxis  tangonting  tho  blade  surface  at 

x. „»100  mm»  direction  8«150°) 

relative  blade  chord 
coodinate  normal  to  x,E-axis  (Fig.  14) 
normalised  coordinate^sithin  tba  streamtube 
flow  angle  with  respect  to  cascade  front 
stagger  angle 

flow  defloction  across  shock  wave  4  •  48»-  A6 
coordinate  in  tangential  direction 
total  preaaure  loss  coef  ficient»(p,,,-pt,)  /  (p.«-p, ) 
shook  loss  coefficient  “  1  1 

inclination  of  shook  wave 

distance  of  downstream  traversing  plane  (normal  to  oasaade  exit  plane) 


INDICES 


1  Uniform  inlet  conditions 

2  uniform  outlet  conditions 

2'  conditions  in  the  downstream  traversing  plane 

1.  INTRODUCTION 


Improvements  of  fan  and  compressor  performance  require  a  continuous  increase  of  the 
aerodynamic  loading  of  the  stages.  Ths  components  are  designed  for  higher  through  flow 
velooitisu,  higher  rotational  speeds  and  higher  pressure  inorsaso  of  ths  blade  rows.  Due 
to  this  the  velocities  relative  to  the  blades  increase  to  transonic  and  supersonic 
spends  and  shook  waves  occur  in  tits  entrance  region  and  passagos  of  the  blade  rows. 
Advances  in  the  design  of  aerodynamical ly  efficient  blades  art  dependent  on  obtaining  a 
comprehensive  understanding  of  the  loss  mechanism  of  the  transonic  end  supersonic  flow 
fields  with  embedded  shook  waves,  Ths  shock  wavs  pattern  varies  considerably  with  in¬ 
creasing  velocities) 

For  transonic  blade  sections  up  to  relative  inlet  Mach  numbers  of  1.0  principally  s 
normal  shook  wave  occurs  in  ths  front  part  of  the  blades.  Even  so-called  supercritical 
blades,  which  are  designed  for  shock  fret  operation,  may  have  at  least  weak  shock  waves. 

At  supersonic  speeds  (M>1.0)  s  detached  bow  ehock  develops  in  front  of  the  blade 
leading  edge  passing  over  to  an  oblique  shock  which  propagates  upstream  of  the  auccea- 
s lye  blades.  At  the  blade  passage  entrance  the  bow  wave  peases  over  to  a  quasi  normal  or 
oblique  passage  shook.  Depending  on  back  pressure  e  second  nortu  1  passage  shock  or 
oblique  trailing  edgo  shocks  may  occur  at  the  rear  part  of  tbs  blades. 
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There  are  several  papers,  which'  deal  with  the  determination  of  shook  losses  such  as 
[1-6  ],  however,  they  mostly  describe  only  one  single  part  of  the  shook  waves  as  for  ex¬ 
ample  the  bow  wave  or  the  first  passage  shook.  However,  in  many  applications  the  shock 
wave  pattern  is  more  complex.  For  example  the  structure  of  the  shock  wave  and  its 
strength  at  the  blade  passage  entrance  or  within  the  blade  passage  is  strongly  influ¬ 
enced  by  the  interaction  with  the  blade  surface  boundary  layer.  The  shock  induces  a 
boundary  layer  thickening  or  may  even  force  the  boundary  layer  to  separate,  and  due  to 
this  the  shock  itself  weakens  in  the  vicinity  of  the  blade  surface. 

To  study  all  the  complex  transonic  and  supersonic  phenomena  with  shock  waves  and 
shock  wave  boundary  layer  interaction,  the  cascade  model  is  a  rather  simple  but  very 
useful  tool.  Due  to  the  stationary  flow  and  a  good  accessibility  to  the  flow  field,  the 
fluid  mechanic  phenomena  can  be  studied  in  all  details. 

In  this  paper  cascade  measurements  are  presented,  which  deal  with  the  determination 
of  shook  losses  in  transonic  and  supersonic  compressor  rotor  blade  sections.  The  first 
part  of  the  paper  describes  shock  losses  which  have  been  analysed  from  wake  traverse 
measurements  downstream  of  Multiple  Circular  Arc  (MCA)  blades  (M. =0,8-1. 2)  and  so-called 
pre-compression  blades  (M.=1.3-1.7) . 

The  second  part  gives  more  detailed  information  about  the  shock  structure  and 
strength  within  the  blade  passage  of  a  supersonic  blade  section  with  an  upstream  Mach 
number  of  1.53  and  a  separated  boundary  layer. 

The  presented  data  may  help  to  develop  more  realistic  analytical  and  semi-empirical 
loss  models,  or  they  may  be  a  basis  for  the  verification  of  more  sophisticated  computa¬ 
tional  blade  to  blade  methods  considering  shock  waves  and  the  effect  of  shock  boundary 
layer  interaction. 

2.  EXPERIMENTAL  FACILITIES  AND  TEST  CONDITIONS 

The  tests  have  been  conducted  in  the  cascade  wind  tunnels  of  the  DFVLR  in  Cologne. 

The  MCA  blade  sections  were  investigated  in  the  transonic  cascade  facility  [6,7],  which 
provides  an  inlet  Mach  number  variation  from  M,=0.2  to  1.4.  The  pre-compression  blades 
were  tested  in  the  supersonic  cascade  facility!  which  allows  inlet  Mach  numbers  from 
M,»1.3  to  2.4.  Both  tunnels  are  closed  loop,  continously  running  facilities  equipped 
with  flexible  supersonic  nozzles.  Suction  systems  are  available  to  remove  the  sidewall 
boundary  layers  within  the  blade  passages.  Wake  flow  measurements  at  midspan  position 
ware  obtained  by  traversing  a  combination  probe  for  static  pressure,  total  pressure,  and 
flow  direction.  Two  neighbouring  blades  have  been  instrumented  to  measure  the  surface 
pressure  distribution,  one  for  the  pressure  surface  and  the  other  one  for  the  suction 
surface.  A  Schlieren  system  allowed  Uie  observation  of  the  shock  wave  pattern  and  helped 
to  check  the  flow  periodicity.  A  Laser-Two-Focus  (L2Fj  velocimetor  was  used  to  analyse 
the  transonic  flow  field  within  blade  passages. 

3.  SHOCK  LOSSES  FROM  WAKE  ANALYSIS 

3.1  Exporlmental  Procedure 

The  measured  total  pressure  losses  in  the  traversing  piano  downstream  of  the  cascade 
consist  of  all  viaoous  losses  and  losses  due  to  the  entropy  ri'o  in  the  shook  waves.  The 
shock  losses  arise  in  all  parts  of  the  shook  waves  intersecting  the  stream  tube  enclosed 
by  two  periodic  stream  linos  as  oketcbod  in  Fig.  1. 

In  a  measurement  plane  behind  the  cascade,  which  is  not  too  far  downstream,  the  shook 
losses  can  be  recognized  outside  of  the  turbulent  wake.  Assuming  a  wake  model  as  shown 
in  Fig.  2,  shock  losses  and  viscous  losses  can  be  separated.  This  figure  shows  qualita¬ 
tively,  how  the  measured  total  pressure  lossos  along  one  blade  gap  look  like.  If  the 
extension  of  ths  viscous  wake  is  known  [point  ru_  and  n_g) ,  it  is  relatively  oasy  to 
separate  the  losses.  The  assumption  of  a  line*r8variati6H  of  the  shock  losses  across  the 
wake,  as  a  first  approximation,  is  sufficient  to  obtain  the  correct  order  of  magnitude. 
The  wake  root  points  aro  approximately  20-504  t  left  and  right  of  the  wake  centre.  The 
wake  width  is  dependent  on  tho  stroamwise  distance  to  the  cascade  exit  plane,  but  also 
on  the  magnitude  of  the  losses  itself.  Due  to  thicker  suction  surface  boundary  layer  or 
due  to  separation,  normally  tho  wako  is  asymmotric.  in  any  case,  the  measurement  plane 
should  not  be  too  far  downstream.  The  reduced  date  presented  here,  have  been  obtained 
from  traversing  planes  which  are  approximately  half  a  gap  or  less  axially  downstream  of 
the  cascade  exit  plane  (Cjt/tcO.S). 

3.2  Transonic  Blade  Sections 

As  an  example  for  transonic  blade  sections  the  results  of  two  rotor  blade  sections, 
having  MCA  blades,  will  be  presented  here.  The  cascades  have  been  derived  from  the  rotor 
blades  of  a  DFVLR  transonic  compressor  stags,  which  was  investigated  in  detail  using  ad¬ 
vanced  testing  techniques  [8],  The  L030-4  cascade  correspond*  to  the  blade  section  at 
451  and  ths  LO30-6  cascade  to  the  681  blade  height  section.  The  blades  have  a  relatively 
low  suotion  surface  curvature  and  a  blade  camber  of  14.9°  end  7.86°  respectively . 

osnsraily  trsnsonio  blade  sections  ere  designed  for  unchoked  inlet  flow  condition*. 

In  tbit  cate  inlet  Mach  number  and  inlet  flow  angle  are  Independent  parameter*  and  thus 
the  arising  shock  losses  are  also  a  func  :lon  of  Ksoh  number  and  flow  angle.  (Flow 
configurations  with  choked  flow  and  reduced  beck  pressure,  where  ehbeke  exist  behind  the 
throat  cross  section,  will  not  be  analysed  here.)  The  driving  parameter,  of  course,  is 
the  upstream  Mach  numbar.  With  Increasing  inlet  velocities,  there  i*  a  gradual  rise  of 
ths  total  prassure  losses  induced  by  the  occurence  of  shock  waves  in  the  entrance  region 
of  the  blades.  Thesa  shocks  appear,  when  the  flow  around  the  blade ■  become*  supercritical 
at  a  special  inlet  Mach  numbar.  With  increasing  Kach  number,  the  local  supersonic  areas 
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on  the  blade  suction  surface  also  increase  and  the  extending  shocks  move  downstream  up 
to~  a  position  near  the  leading  edges  of  the  adjacent  blades.  At  sonic  and  supersonic 
speeds,  these  shocks  are  emanating  from  the  cascade  entrance  ar.  ■■  infinitely  far 
upstream  (see  Fig.  1  and  Schlieren  photographs  in  Figs.  5  and  8) . 

Figures  3  and  6  show  the  measured  overall  losses  and  the  separated  shook  losses  for 
different  inlet  flow  angles.  The  gradual  rise  of  the  overall  losses  with  Mach  number  is 
primarily  induced  by  the  shock  losses.  The  viscous  losses,  which  are  the  difference  be¬ 
tween  overall-  and  shook  losses,  seem  to  be  not  very  much  dep:.- ;dent  on  the  inlet  Mach 
number . 

Increasing  the  incidence  angle,  the  level  of  the  shock  losses  rises  continously  in 
the  whole  investigated  Mach  number  range  and  it  seems,  that  the  viscera  losses  are  not 
very  much  influenced.  It  is  presumed  however,  that  for  the  high  positive  incidence 
range,  this  type  of  wake  analysis  overpredicts  the  shock  losses  or  that  the  measurement 
plane  was  too  far  downstream  (5,/t *  0.45) . 

A  comparison  of  the  losses  for  the  L030-4  and  L030-6  cascade  shows  no  essential  dif¬ 
ference  in  the  behaviour,  but  due  to  the  higher  front  camber  of  thf  L03U-4  blades,  their 
shock  loss  level  at  sonic  and  supersonic  inlet  speeds  is  .ilgher.  The  difference  between 
these  two  blade  section  is  clearly  demonstrated  in  Figs.  4  and  7.  Here  the  shock  losses 
are  calculated  by  a  shock  loss  model  similar  to  that  one  of  Miller,  Lewis,  and  Hartmann 
(1),  but  considers  the  influence  of  the  detached  bow  shock  wave  and  the  influence  of  the 
inlet  flow  angle  by  a  stagnation  streamline  shift  [2,61. 

The  mechanism  of  inlet  Mach  number  and  inlet  flow  angle  on  the  shock  losses  can  be 
understood  by  looking  to  the  blade  pressure  distribution  and  the  corresponding  Schlieren 
pictures  in  Figs.  5  and  8.  The  Mach  numbers  in  front  of  the  shock  waves  increase  with 
inlet  Mach  number  as  well  as  with  rising  positive  inc  dence.  The  blade  pressure 
distributions  also  indicate,  that  at  least  for  the  subsonic  cr-ses,  most  of  the  flow 
expansion  occurs  near  the  blade  leading  edge.  This,  however,  is  very  typical  for  pro¬ 
files,  which  are  rather  thin  and  have  low  suction  surface  curvature.  Rising  the  incidence 
angle,  the  shock  waves  in  front  of  the  blade  passages  become  more  normal  and  the  inten¬ 
sity  of  the  bow  shock  waves  increases. 

An  always  interesting  question  is,  whether  the  shocks  ari  unstable  or  nott  The  shook 
waves  in  the  investigated  flow  range  are  very  stable  and  no  unsteady  shock-wave  boundary 
layer  interactions  have  been  observed.  It  is  presumed ,  that  the  shock  waves,  which  are 
relatively  strong,  have  their  well  defined  position  in  the  flow  field  'around  the  MCA 
blades. 


3.3  Supersonic  Blade  Sections 

The  fundamental  characteristic  of  supersonic  cascades  is  a  fixed  relationship  between 
inlet  Mach  number  and  inlet  flow  angle  (unl  .ie  incidence) .  Beyond  a  special  upstream 
Mach  number,  when  the  supersonic  flow  of  the  blade  passage  is  started,  the  inlet  flow 
conditions  are  fixed  and  independent  of  the  prescribed  back  pressure.  Thus,  the  losses 
of  the  oblique  shook  waves  and  bow  shocks  ahead  of  the  cascade  are  constant  for  a  given 
inlet  Maoh  number.  However,  the  shock  pattern  withli  the  blade  passage  and  exit  plane  is 
dependent  on  the  back  pressure,  and  .he  resulting  shock  losses  can  vary  considerably. 

The  analysis  of  the  investigated  supersonic  cascades  presented  below,  however,  will  con¬ 
centrate  on  flow  conditions  of  maximum  attainable  back  pressure  only,  beaauae  this  nor¬ 
mally  corresponds  to  the  design  flow  conditions. 


ARL-SL19  cascade 

The  analysed  supersonic  compressor  cascade  was  derived  from  a  rotor  blade  section  of 
a  high-through-flow  transonic  ax.al  compressor  of  the  I'S  Air  Force  Aero  Propulsion 
Laboratory,  Ohio  19).  This  cascade,  corresponding  to  streamline  19  of  the  coopraesor, 
initially  was  designed  end  tested  by  Detroit  Diesel  Allison  (DDA)  (10)  and  lator 
investigated  at  ONHRA  and  DPVL..  in  a  Joint  program. 

The  essential  design  feature  of  this  prof) Is  is  a  concave  suction  surface  curvature 
in  the  front  pert  of  the  blade,  resulting  in  a  deceleration  of  the  flow  already  upstream 
of  the  blade  passage.  These  called  pre-compression  blades  have  lower  Kach  numbers 
ahoad  of  the  passage  shock  a  J  tnereforo  lower  shock  losses.  The  casosda  has  a  design 
Maoh  number  of  1.'16»  a  blade  camber  of  -2i89  ,  std  an  extreme  thin  leading  edge 
(r.,/1-0. 00128) .  Due  to  the  neer.y  pointed  leading  edge,  the  contribution  of  the 
detxched  bow  she ;k  to  the  losses  Is  relatively  small.  The  Schlieren  picture  in  Fig.  9 
provide*  an  iwprossion  of  the  shock  wave  pattern  of  the  ARL  cascade  at  an  inlat  Mach 
numbar  of  approximately  1.43.  It  must  be  pointed  out,  however,  that  this  Schlieren  photo 
belongs  to  t  taut  series,  where  no  sidewall  suction  was  provided  end  therefore  maximum 
static  pressure  rise  oould  not  be  achieved.  Thus,  the  shook  pattern  In  the  exit  region 
is  not  typi-  «1  for  the  data  presented  below. 

A  characteristic  feature  of  the  pre-compression  blsdes  i*  sn  oblique  shook  wave, 
which  deveieos  in  ths  blade  entrance  region  in  tegential  direction.  This  so  called 
pre-compression  shock  arises  due  to  an  overlapping  of  the  left-hand  running  characteris¬ 
tics  ensnaring  from  the  concave  blade  contour.  Its  contribution  to  the  shock  losses, 
however,  i  rather  email,  ' 

The  main  contribution  Results  from  the  relatively  strong  first  oblique  passage  shock 
and  a  second  weak  normal  shook  as  sketched  in  the  upper  part  of  Fig.  10,  Sue  to  the 
strong  pressure  increase  in  the  first  passage  shock,  the  suction  surface  boundary  layer 
ceparatet  and  a  lambda  shock  davelopa  above  the  tape rated  region.  This  region  of 
interaction  increases  on  the  one  hand  with  rising  inlet  Mach  numbers  and  on  the  other 
hand  with  increasing  bsck  pressure. 

Fig.  10  provides  thn  measured  overall  losses,  the  * ns lysed  shock  losses,  end  the  cor¬ 
responding  ststic  prsssurs  retlos  of  ths  AM>  cascade  for  upstream  Mach  numbsrs  up  to 
1.7,  Ths  continuous  loss  lncrsasa  with  Mach  number,  again,  is  primarily  a  function  of 
the  shook  losses,  tor  comparison,  calculated  shook  losses  are  plotted  into  the  diagram. 
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The  upper  solid  curve  represents  the  losses  of  a  normal  shook  wave  ahead  of  the  blade 
passage  and  the  lower  dashed  line  an  oblique  shock  wave  with  maximum  attainable  deflec¬ 
tion  and  nearly  sonic  conditions  (M*1.0)  behind  the  shock.  For  high  inlet  Mach  numbers, 
the  experimentally  determined  shock  losses  tend  to  the  solution  of  an  oblique  shock, 
whereas  the  tests  with  Mach  numbers  less  then  1.4  tend  to  the  normal  shock  solution. 

This  trend  is  meaningful,  because  the  low  Mach  number  tests  tend  to  an  unstarted  passage 
flow  with  a  quasi  normal  shock  at  blade  passage  entrance. 

Two  typical  blade  Mach  number  distributions  for  an  inlet  Mach  number  of  1.35  aid  1.6 
respectively  are  provided  in  Fig.  11. 

PAV-1.5  Cascade 

The  second  supersonic  cascade  is  also  a  pre-compression  blade,  but  was  designed  espe¬ 
cially  for  investigations  on  shock  boundary  layer  interaction  with  separation.  Its  de¬ 
sign  Mach  number  is  1.5,  it  has  a  blade  camber  of  +0.39°,  and  a  considerably  thicker 
leading  edge  (r,E/l=0.0025) .  The  front  part  is  aerodynamically  higher  loaded  and  the 
first  passage  sliBck  was  designed  to  be  oblique  with  a  deflection  to  obtain  M-1.0  behind 
the  shock. 

Due  to  the  higher  loading,  the  measured  overall  losses  and  analysed  shook  losses  are 
slightly  higher  (Fig,  12)  than  those  of  the  ARL  cascade.  It  is  remarkable,  that  for  this 
cascade  the  experimentally  determined  shock  loss  level  tends  to  agree  with  the  theoreti¬ 
cal  results  of  a  normal  shock  at  the  blade  passage  entrance. 

This  result  and  the  previous  results  indicate,  that  it  is  very  important  to  adjust 
any  shock  loss  model  carefully  to  the  real  cascade  geometry  and  the  real  shock  pattern 
prescribed  by  the  back  pressure. 

A  sketch  of  the  cascade  and  its  shock  wave  location  is  provided  in  Fig.  12  and  a 
Schlieren  photograph  at  M.-1.5  in  Fig.  13.  Again  a  lambda  shock  develops  due  to  the 
boundary  layer  separation ^and  a  second  weak  normal  shock  stands  in  the  rear  passage.  A 
detailed  analysis  of  this  shock  pattern  will  be  described  in  the  following  chapter. 

One  thing  remains  to  be  mentioned!  the  scattering  of  the  losses  in  Fig.  12  is  due  to 
slightly  different  static  pressure  ratios,  but  also  to  different  axial  velocity  density 
ratios  (AVDR) .  The  AVDR  primarily  influences  the  rear  part  of  the  passage  and  mainly  in¬ 
fluences  the  amount  of  the  viscous  losses. 

4.  PASSAGE  SHOCK  WAVE  ANALYSIS 

4.1  Test  Model  and  Testing  Technique 

The  PAV-1.5  aasaade  was  designed  having  an  oblique  passage  shock  and  separation  of 
the  suction  surfaoe  boundary  layer.  To  improve  the  measuring  accessibility  of  the  shock 
wave  boundary  layer  interaction  region  and  the  boundary  layer  itself,  the  blade  chord 
was  selected  to  be  170  mm.  Due  to  the  limited  sire  of  the  cascade  wind  tunnel  test 
section  (H/b»237/152  ram),  only  three  blades  with  an  aspect  ratio  of  0.894  could  be 
installed.  For  supersonic  cascade  flow,  however,  there  is  no  essential  problem  to  obtain 
a  periodic  cascade  flow,  because  the  periodio  inlet  flow  pattern  is  fixed  already  behind 
the  first  blade  passage  (2  ].  The  central  blade  was  instrumented  on  the  suction  surfaco 
and  the  successive  outer  blade  on  the  pressure  surface. 

Many  of  the  classical  shock  wave  boundary  layer  interaction  experiments  suffer  from 
the  problem  of  sidewall  effect*.  The  flow  field  at  least  behind  the  shock  wave  is 
■trongly  influenced  by  tho  thickening  of  tho  sidewall  boundary  layer,  although  a 
2-dimenBional  flow  field  was  desired.  To  overaome  this  problem,  at  least  partly,  a  side¬ 
wall  boundary  layer  auction  was  applied  in  the  area,  where  the  strong  passage  shook  in¬ 
teracts  with  ths  well  sheer  layer.  Due  to  suotion,  nearly  2-diraensionel  flow  conditions 
at  least  at  midepan  position  could  be  obtained  (AVDB*1.0) .  A  further  advantage  of  this 
model  is,  that  it  simulates  the  flow  field  end  the  boundary  layer  thickness  of  a  real 
transonic  compressor  blade  section. 

A  Schlieren  photograph  of  the  cascade  with  the  investigated  shook  wave  location  is 
shown  in  Fig,  13.  Ths  oblique  shock  and  the  lambda  shook  can  be  observed  through 
trapezoidal  auction  holes  of  the  plexigles  sidewalls. 

Fig.  14  provides  a  drawing  of  the  cascade  and  the  horisontal  measurement  planes 
across  the  first  passage  ahook  (planes  1-B)  and  the  second  normal  shock  (planss  10-13). 
Using  a  non-autoraatsd  Laser-Two-Focus  anemometer  (L2F)  til),  velocity  end  flow  angle 
measurements  have  been  performed  it  mid span  position.  The  non-automated  version  of  the 
anemometer  has  soma  advantags  measuring  in  the  vicinity  of  shook  waves,  because  the 
signals  obtained  can  be  analysed  and  interpreted  directly  by  ‘hand".  A  mist  of  oil 
particles  was  introduced  into  the  settling  chamber  to  improve  the  rate  of  signals  in  the 
moasuremant  volume.  Due  to  the  small  sire  of  the  oil  droplet*  (about  0,07  uu  in  mean 
diameter),  they  adequately  follow  the  flow  scrota  shock  waves. 

4.2  Raaulte  and  Oiaouseion 

Emphasis  was  placed  on  studying  the  flow  field  ahead  and  downstream  of  the  passage 
•hock  waves  to  obtain  a  better  understanding  of  ths  transonic  flow  and  tha  shock 
strength.  Furthermore  the  measurement*  near  the  blade  surfaces  shall  provide  soma  more 
information  about  the  rtgion  of  shock  wava  boundary  layar  interaction  with  separation. 

The  investigated  test  point  had  *n  inlet  Mach  number  of  1,529,  Mach  numbers  in  front 
of  the  oblique  shook  and  partly  quasi  normal  shock  wava  in  tha  order  of  1.42  to  1 .S3,  a 
static  praature  ratio  of  2.13,  and  an  AVDR  of  1.02.  Fig.  15  shows  tha  meaaurad  blada 
Mach  number  distribution  togathar  with  the  location,  whera  tha  shock  waves  impinge  the 
blade  surface.  The  high  pressure  increase  in  the  flret  passage  shock  forces  a  boundary 
layar  separation  at  approximately  x-101  mm  (x/l«Q.6l5)  and  tha  shock  split*  into  a 
lambda  shook  systaa.  The  stamp  pressure  lacrosse  at  631  blade  chord  of  the  auction 


surface  in  Fig.  15  corresponds  to  the  position,  where  the  leading  oblique  shock  of  the 
lambda  system  enters  the  boundary  layer  and  where  separation  occurs. 

Fig.  16  shows  the  position  of  the  shock  waves,  and  the  estimated  thickness  or  the 
boundary  layer.  The  indicated  Mach  numbers  and  flow  deflections  have  been  deduced  from 
the  measured  velocity  and  flow  angle  distributions  in  the  traversing  planes  1  co  13, 
which'  are  shown  in  Fig.  17  and  19. 

First  passage  Shock  Wave 

The  results  of  plane  6  to  8  in  Figs.  16  and  17b  qualitatively  confirm  the  assumed 
design  goal  of  an  oblique  shock  with  a  flow  deflection,  which  provides  a  deceleration  to 
sonic  velocity.  Unfortunately  the  data  of  plane  5  and  6  show  some  small  discrepancies, 
which  are  assumed  to  be  generated  by  some  sidewall  disturbances,  coming  from  an  upstream 
position.  Also  the  results  just  behind  the  shock  of  section  5  have  been  slightly 
unsteady. 

The  overall  shock  pattern,  however,  was  very  stable  and  the  I.2F  anemometer  easily 
could  resolve  the  strong  decelerations  across  the  shocks.  The  measured  Mach  numbers  be¬ 
hind  the  shocks  aro  very  close  to  the  calculated  ones,  assuming  the  theoretical  shock 
relations  together  with  the  measured  flow  deflection  (see  darts  in  Fig.  17). 

Shock  Wave  Boundary  Layer  Interaction 

The  quasi  normal  part  of  the  first  passage  shock  (between  plane  2  and  4)  is  estab¬ 
lished  by  the  prescribed  back  pressure.  This  part  already  belongs  to  t.ie  area  of  strong 
shock-wave  boundary  layer  interaction.  The  negative  flow  turning  across  the  shock  and 
the  strong  acceleration  just  behind  the  shock  is  primarily  induced  by  the  flow-direction 
and  curvature  at  the  edge  of  the  separated  boundary  layer.  The  flow  properties  through 
the  lambda  shock  in  plane  (1)  (Fig.  17a)  are  in  'qualitatively  good  agreement  to  the 
findings  of  Seddon,  East,  Kooi,  and  Delery  [12-15}.  Only  the  velocity  within  the  plateau 
between  the  shocks  is  constant  and  the  acceleration  behind  the  shock  seems  to  be  stronger. 

Vary  typical  for  the  lambda  shock  configuration  is  the  stepwise  deceleration  from 
M.i=1.53  to  1.19  in  the  leading  shock,  and  from  1.19  to  about  0.97  in  the  rear  quasi  nor¬ 
mal  shock.  The  flow,  however,  quickly  reaccelerates  to  about  M-1.12  within  2-3  mm.  A 
comparison  of  the  stepwise  Mach  number  distribution  to  the  measured  Mach  numbers  on  the 
blade  surface  is  presented  in  Fig.  18.  Behind  the  shock  system,  the  Mach  numbers  on  the 
surface  and  3.68  of  chord  above  the  surface,  are  still  supersonic. 

Second  Passage  Shock  Wave 

The  convex  curvature  in  the  front  part  of  the  blade  pressure  surface  allows  the  pas¬ 
sage  flow  to  reaccclerate  partly.  The  maximum  Mach  number  is  achieved,  whero  the  second 
passage  shock  meets  the  p-essure  surface  at  about  40%  blade  chord.  Because  the  Mach  num¬ 
ber  is  about  1.33,  the  norinul  shock  wave  forcos  a  weak  local  boundary  layer  separation, 
which  has  been  detected  with  the  aid  of  a  surface  flow  visualization  technique. 

Fig.  19  shows  the  laser  results  of  section  10  to  13.  Tho  strength  of  the  shock  weak¬ 
ens  considerably  from  the  pressure  ourface  towards  tho  suction  surface  and  the  shock 
vanishes,  entering  tho  edge  of  the  separated  boundary  layer  (Fig.  16). 

Shock  wave  Strength 

in  oiitar  to  obtain  a  bettor  understanding  of  the  shock  loss  mechanism,  the  total 
pressure  recovery  of  the  different  shocks  is  plotted  separately  in  Fig.  20.  The  losses 
are  generated  by  the  outer  bow  shock  and  its  oblique  extension  ahoad  of  tho  cascade  (1) , 
the  pre-compression  shock  (2),  the  first  passage  shock  (3),  and  the  rear  passage  shock 
(4)  .  Tho  detached  bow  shook  (1)  has  a  considerable  contribution  in  the  direct  vicinity 
of  the  leading  edge,  as  the  calculated  curve  Illustrates  in  the  upper  part  of  Fig.  20. 

The  oblique  pro-compression  shock  (2)  is  very  weak,  but  decelerates  the  velocity  in 
front  of  the  leading  edge  from  H»1.6B  to  1.42.  Duo  to  this,  tho  contribution  of  the 
inner  part  of  the  detached  bow  shock  is  much  smaller,  but  a  strong  discontinuity  is  es¬ 
tablished  just  ahoad  of  the  blads  leading  edge. 

The  strength  of  the  two  passage  shocks  (3  and  4)  could  be  determined  with  tho  data 
obtained  from  the  L2P-measuremonts.  The  highest  amount  of  losses  is  produced  in  the 
quasi  normal  part  of  the  first  passage  shock  between  abou.  18  to  45  percent  of  the  blado 
channel  height.  The  contribution  of  the  lambda  shock,  the  oblique  passage  shook  and  tho 
rear  normal  shock  (4)  is  much  smaller. 

In  ordor  to  compare  the  estimated  shook  loss  diotribution  to  tht  moasured  ovorall 
losses,  the  accumulated  but  non-mixed-out  ahock  leases  are  plotted  together  with  tho  to¬ 
tal  pressure  ratios  obtained  in  the  downstream  traversing  plana  (Fig.  21).  Romarkablo  ia 
the  diecontinuity  of  the  bow  shock  losses  near  the  wake  center  and  the  relatively  high 
amount  of  shock  losses  between  n/t“l .18  and  1.45  resulting  from  the  normal  part  of  the 
first  passage  shock.  * 

CONCLUSIONS 

The  paper  suggaats,  how  to  deter el ns  shock  losses  from  downstream- flow  measurements 
behind  transonic  and  supersonic  cascades.  The  obtained  data  show,  that  shock  loss 
calculations  should  not  be  ovor-simplifisd  but  should  ba  carefully  modeled  according  to 
the  real  flow  conditions.  At  least  the  influence  of  the  most  important  parameters  as 
inlet  flow  angle  in  the  transonic  flow  range  and  tho  back  pressure,  which  prescribes  the 
passage  shook  wave  location  and  strength  in  supersonic  cascades,  should  ba  simulated 
carefully, 

Passage  shock  analysis  provides  detailed  information  about  tha  transonic  flow  field, 
the  shock-wave  location  with  tht  associated  losses  and  an  insight  into  tha  region  of 
shock  wave  boundary  layer  Interaction.  Tha  results  demonstrate  tha  dominant  influence  of 
the  viscous  flow  in  tha  rear  part  of  tha  blads  pasaaga. 
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Fin.  13  Schlieren  photograph  of  the  PAV-1.5 
cascade  at  M,**l,5  and  Po^Pi^.l  (trapezoidal 
holes  for  sidewall  boundary  layer  auction) 


Fig.  12  Total  pressure  losses  and 
corresponding  shock  losses  of  the 
PAV-1.5  cascade  at  max.  static 
pressure  ratios 
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Fig.  14  Cascade  geometry  and  L2F -miaou reman t  planes 
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FUj.  IS  Blad«  Hach  mimbar 
distribution  of  the 
cascade  at  H.«l.Si9  corresponding 
to  tb«  L2F  r4«Ult*  In  Fig#.  17*19 


Fig.  16  Flow  vectors  upstream  and  downstream  of  passage  shock  waves  deduced  from  L2F 
'•o suits  (Mj-1.629,  pa/p1-2.13) 
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Fig.  1?*  Mach  tumber  and  .'low  direction  profile*  across  the  first  passage  shock  wave 
measured  by  L2P  anomoeieter  (plana*  see  Pig.  14),  Kj-1.529.  p^/pjWj.H 


a-i3 


90  100  110 


Fig.  17b  Mach  number  and  flow  direction  profiler  across  th«  first  passage  shock  wave 
moaaured  by  I.2K  anemometer  (pianos  see  Fig.  141,  Mj»1.52?, 


Fig,  IN  Mach  number  profiles  In 
the  tree  of  shock  wave  boundary 
layer  Interaction  with  separation 
•  comparison  of  *wall‘  Kach  numbers 
and  Mach  numbers  3-5.49  chord  above 
the  blade  aurfaua  (plane  (1) , 

Mj-i .529,  Pj/pj-I.lJl 

Fig.  19  Mach  number  and  Mow  direction 
profiles  across  the  second  passage  shock 
waver  see  rig.  14  (Mj»l.S2«,  pj/pj-J.U) 


Fig.  20  Contribution  of  the  different  shock  waves  to  the  loss  distribution  across  the 
blade  passage  of  the  PAV-1.5  cascade  at  Mj»1.529  and  p^/p2>2.13 


Fig.  21  Measured  total  pressure  ratio  behind 
the  PAV-l.S  cascade  (H.«i.S29,  p,/p.«2.13) 
compared  to  the  distribution  of  ths*non  -nixed 
out  shock  losses 
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DISCUSSION 

AuS.Oper,  Tu 

Did  you  make  any  attempt  to  construct  a  shock  loss  model  which  may  be  used  for  performance  prediction  purposes? 

Author’s  Reply 

The  theoretical  results  presented  in  Figures  4, 7, 1 0  and  1 2  are  based  on  a  shock  loss  model  developed  by  Starken  (2) 
which  has  been  extended  to  consider  the  influence  of  the  inlet  flow  angle. 

The  results  of  the  transonic  cascade  measurements  have  been  used  to  develop  a  shock  loss  model  for  inlet  Mach 
numbers  lower  than  1.0,  which  is  presented  in  paper  27. 1  personally  hope  that  the  experimental  results  obtained  might 
be  used  to  verify  transonic  blade  to  blade  codes,  because  they  automatically  should  predict  the  real  shock  structures. 

JJiourmouziadls,  Ge 

Figure  1 8  compares  the  wall  Mach  number  distribution  derived  from  static  taps  with  the  Mach  number  distribution 
5  mm  away  from  the  wall  from  the  laser  measurements.  Do  you  have  an  explanation  for  the  fact  that  the  double  shock 
structure  in  the  main  flow  does  not  show  on  the  wall? 

Author's  Reply 

Because  the  Mach  number  ahead  of  the  first  passage  shock  is  greater  than  1.53,  the  strong  pressure  increase  induces  a 
severe  boundary  layer  separation.  The  lambda  shock  structure  itself  is  a  result  of  the  interaction  mechanism  between 
the  strong  passage  shock  and  the  separated  boundary  layer.  The  L2F  measurement  across  the  lambda  shock  system  has 
been  performed  just  outside  of  the  viscous  layer.  The  pressure  jump  across  the  shocks  weaken  and  finally  disappears, 
when  the  shocks  enter  the  boundary  layer.  I  assume  that,  especially  due  to  the  strong  separation,  the  pressure 
information  of  the  shock  is  folly  smeared  off. 

Due  to  the  interaction  mechanism  the  main  pressure  increase  on  the  wall  occurs  relatively  far  upstream  of  the  shock 
system. 


AD-P005  514 
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OPTIMISATION  OF  A  TRANSONIC  FLOW  RADIAL  VANED  DIFFUSER 
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SUIKAfiY 


*4he 


he  transonic  flow  In  an  existing  radial  vaned  diffuser  has  been  analysed  with  a  time  dependent  finite 
area  calculation  method.  The  calculated  Mach  number  distribution  Indicates  a  strong  bow  shock  upstream  of 
the  throat. 


Based  on  this  experience,  new  diffusers  have  been  designed  in  order  to  optimize  the  Mach  number  distri¬ 
bution  In  the  semi -vaneless  space  by  designing  for  a  shock/free  deceleration.  The  best  predictions  are  ob¬ 
tained  with  a  modified  version  of  the  design  method  of  Herbert  and  Came  In  which  a  radial  change  of  diffuser 
width  Is  incorporated. 

Experimental  results  obtained  with  this  optimised  design  show  an  important  increase  In  range  and  con¬ 
firm  the  shock-free  deceleration  of  the  flow.  The  difference  between  the  calculated  and  measured  pressure 
distribution  can  be  explained  by  Incidence  effects  due  to  an  Incorrect  estimation  of  the  boundary  layer 
blockage  on  the  lateral  walls.  Better  predictions  will  be  possible  only  If  a  more  precise  definition  of 
the  real  flow  conditions  at  the  diffuser  Inlet  becomes  available. 

LIST  OF  SYMBOLS 

AK  half  diffuser  channel  opening  angle 
AL  leading  edge  wedge  angle 
B  blockage  factor 

(1-Blocked  area/geometrical  area) 
e  Internal  energy 

F  flux  term  of  the  conservative  Euler's 
system  of  equations 

G  flux  term  of  the  conservative  Euler's 
system  of  equations 
h  corrected  diffuser  width 
1  non  dimensional  length  along  diffuser 

vane  suction  side 
m  mass  flow 

M  Mach  number 

p  static  pressure 

r  radius 

s  cross  section  area  of  control  volume 
t  time 

w  velocity  vector 

x  meridional  coordinate 
tangential  coordinate 
0  two  dimensional 

INTRODUCTION 

High  pressure  ratio  centrifugal  compressors  have  transonic  or  supersonic  flow  at  the  Impeller  exit  and 
the  vaned  diffuser  is  the  most  efficient  device  to  decelerate  this  flew  and  to  transform  the  kinetic  energy 
into  static  pressure  rise. 

Analytical  models  normally  treat  separately  the  zone  of  rapid  adjustment  upstream  of  the  throat,  where 
the  HobaHc  line;  change  rapidly  from  almost  parallel  to  the  impeller  exit  to  a  direction  perpendicular  to 
the  velocity  vector,  end  the  divergent  channel,  downstream  of  the  throat  where  the  flow  It  almost  one-dimen¬ 
sional.  It  has  been  demonstrated  that  the  diffuser  data  of  Rundstadler  t  1)  give  an  accurate  prediction  of 
the  performance  In  the  divergent  channel  If  the  throat  Mach  number  and  blockage  ar*  known.  These  conditions 
depend  on  the  diffusion  of  the  flow  In  the  vaneless  and  seml-vaneleis  space.  The  stability  of  the  transonic 
flow  In  this  region  also  Influences  the  operational  range  between  surge  and  choke.  The  Inlet  region  Is  there¬ 
fore  considered  as  a  critical  element  in  the  design  of  a  high  performance  compressor. 

The  study  of  the  flow  In  this  region  Is  complicated  due  to  : 

-  the  three  dimensional  character  of  the  flow  because  of  the  skewed  boundary  layers  on  tits  lateral  walls; 

-  the  unsteadiness  of  the  Inlet  flow  due  to  the  non  uniformity  of  the  flow  leaving  the  lupelleri 

-  Interaction  between  the  Impeller  blade  tip  and  the  diffuser  vanes, 

-  compressibility  and  shock  wave-boundary  layer  Interaction. 

An  experimental  study  of  this  flow  oh  a  compressor  diffuser  combination  can  account  for  all  these 
effects,  but  It  la  more  difficult  to  study  separately  tht  Influence  of  blade  geometry,  inlet  conditions  or 
unsteadiness. 

The  research  program,  described  here.  Intends  to  do  a  systematic  study  of  the  effect  of  blade  ship*  on 
performances  and  range.  One  assumes  here  that  the  Inlet  flow  Is  steady  and  uniform  over  the  passage  width. 
The  boundary  layer  blockage  on  the  leteral  walls  Is  accounted  for  by  Introducing  a  blockage  factor. 

The  starting  point  has  been  the  analysis  of  an  existing  compressor.  Tht  impeller  vanes  have  32*  back- 
sweep  at  the  exit.  The  diffuser  vanes  hive  a  curved  mean! foe  and  a  constant  normal  thickness  of  l.S  mm. 

They  are  tapered  at  the  leading  edga  to  a  leading  edge  thickness  of  0.5  mm.  Although  they  were  originally 


a  vane  angle  measured  from  radial  direction 

B  flow  angle  measured  from  radial  direction 

n  pressure  ratio 
p  density 


Subscripts 

2  diffuser  inlet  radius 

le  leading  edge  position 

t  time  derivative 

to  trailing  edge  position 

th  throat  position 

tt  total  to  total 

x  meridional  component  or  derivative 

y  tangential  component  or  derivative 
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designed  to  operate  with  a  leading  edge  Mach  number  of  0.95,  they  are  used  In  the  actual  configuration  with 
leading  edge  Mach  number  above  1.05. 

A  theoretical  analysis  of  the  20  Invlscld  flow  field  has  been  performed  for  this  diffuser  geometry 
(geom.  0).  This  Initial  step  has  been  very  useful  to  verify  the  application  of  the  Euler  solver  on  this  type 
of  cascade  and,  at  the  same  time,  to  define  the  fluid  dynamic  behaviour  of  the  flow  In  the  existing  geome¬ 
try. 


In  order  to  evaluate  possible  Improvements  of  the  velocity  distribution  In  the  semi-vaneless  space,  a 
new  diffuser  has  been  designed,  based  on  the  method  of  Herbert  and  Came  (geom.  A). 

Detailed  flow  studies  suggested  that  this  diffuser  could  be  further  Improved  using  a  modified  design 
procedure  (geom.  8  and  C).  Geometry  C  has  been  built  and  experimental  results  have  been  compared  with  the 
theoretical  predictions. 

THEORETICAL  CALCULATION  METHOD 

The  quasi  three-dimensional  time  marching  method,  developed  at  the  von  Harman  Institute,  has  been  used 
to  calculate  the  invlscld  transonic  flow  in  the  semi-vaneless  space. 

The  equations  to  be  solved  are  the  time  dependent  Euler  equations  expressing  the  mass-momentum-  (In 
meridional  and  tangential  direction)  and  energy-conservation  laws.  Written  In  a  time  dependent  differencial 
form  using  non-dimensional  variables,  these  equations  are  : 


p 

u 

V 

u 

F  « 

pru'/p 

G  » 

u  v/p 

V 

u  v/p 

p+v’  !u 

e 

(e+P)  u/Pj 

(e+p)  v/p 

where  u  =  p  w  v  =  p  w 

x  y 

The  domain  of  calculation  Is  defined  by  one  of  the  blade  passages  and  is  extended  upstream  and  downs¬ 
tream  of  the  cascade  by  two  pseudo-streamlines  defined  by  r.w  »  const.  The  numerical  domain  (figure  1)  Is 
made  up  of  several  pseudo-streamlines  and  lines  of  constant  rjdlus.  The  pseudo-streamlines  are  uniformly 
spaced  In  the  tangential  direction.  The  spacing  between  the  constant  radius  lines  can  change  In  a  regular 
way  between  Inlet  and  outlet.  The  intersection  points  of  the  pseudo-streamlines  and  constant  radius  lines 
define  the  corner  points  of  the  hexagonal  control  area.  Applying  Gauss'  theorem  on  the  space  derivatives, 
one  can  evaluate  tne  variation  of  the  unknowns  In  the  control  volumes  as  a  function  of  the  corresponding 
convective  fluxes  through  the  surfaces  : 


S  h  Wt  «  -  f  (F  h  nx  ♦  G  h  ny)  dl 
it 

One  assumes  here  that  the  variables  remain  constant  over  the  selected  control  volumes.  The  third  dl- 
mansion,  h,  is  th»  diffuser  width,  corrected  for  boundary  layer  blockage  and  varies  only  In  the  radio!  di¬ 
rection.  The  flow  variables  are  defined  at  each  nodal  point,  A  linear  variation  of  the  flux  along  each  line 
segment  Is  assumed  In  order  to  evaluate  the  transport  terns  on  the  finite  volumes.  As  the  transport  terms 
across  the  sides  of  the  elements  are  eppllcd  to  two  adjacent  volumes,  the  overall  conservation  is  automati¬ 
cally  satisfied  during  the  calculation. 

The  time  derivative  *s  dlscretlsed  by  means  of  the  corrected  viscosity  scheme.  It  has  been  shown  that 
this  scheme  possesses  vtfy  good  qualities  of  convtrgence  and  stability  j2,3  )> 

As  boundsry  conditions,  one  imposes  a  constant  total  pressure  and  uniform  velocity  (with  given  Hath 
nuiber)  at  the  diffuser  Inlet  radius.  For  supersonic  inlet  Haiti  numbers,  In  which  one  is  interested  here, 
the  Inlet  flow  anal*  Is  defined  by  the  unique  incidence  end  is  obtained  by  applying  the  periodicity  con¬ 
dition  upstream  of  the  blades,  At  the  outlet  a  static  pressure  is  Imposed  corresponding  to  the  different 
operating  regimes  of  the  diffuser.  This  pressure  Is  different  from  the  experimental  value  because  one  Is 
only  interested  in  the  semi  vaneless  space  and  no  correction  of  the  blockage  in  the  divergent  channel  is 
Introduced. 

ANALYSIS  OF  AN  EXISTING  DIFFUSER 

The  time  dependent  calculation  program  has  first  been  applied  to  an  existing  diffuser  of  25  blades  with 
a  leading  edge  to  impeller  exit  radius  ratio  of  1.11*  (geom.  0).  The  vane  geometry  and  grid  system  are  shown 
in  figure  I.  Tne  calculations  have  been  made  for  the  four  performance  points  (A.O.C.E)  shown  In  figure  2, 

Tie  corresponding  diffuser  Inlet  flow  conditions  are  deduced  from  measurements  hy  means  of  an  analysis  pro¬ 
gram.  They  are  listed  In  table  1,  The  blockage,  due  to  the  boundary  layers  on  the  lateral  walls,  is  deduced 
from  the  meaiurecents  it  diffuser  inlet  end  at  throat  section.  A  linear  variation  of  the  channel  height  Is 
used  In  between, 

Calculated  Iso-Mach  Hnea  corresponding  to  the  four  operation  points  are  shown  In  figure  3.  The  diffu¬ 
ser  absolute  Inlet  Mach  number  changes  only  sllgthly  with  mass  flow  but  the  radial  velocity  component,  and 
therefore  alto  the  flow  angle,  changes  as  a  function  of  the  operation  point.  This  results  in  a  change  of 
the  diffuser  vase  Incidence  and  the  corresponding  change  of  the  iso-Mach  Una  pattern  Is  thorns 
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by  test  points  A,  B  and  C  In  figure  3.  The  throat  Mach  number  Increases  from  0.8  to  1.0  when  the  mass  flow 
changes  from  surge  (point  A)  to  choke  (point  C)  resulting  In  a  decrease  of  the  seml-vaneless  space  static 
pressure  rise  coefficient.  In  test  point  E  the  calculations  show  the  fully  supersonic  character  of  the  flow 
and  a  bow  shock  at  the  blade  leading  edge.  This  type  of  bow  shock,  extending  over  the  hole  throat  passage. 
Is  in  agreement  with  experimental  observations  t  4,5  1.  Previous  analysis  has  shown  the  validity  of  this  me¬ 
thod  since  it  correctly  predicts  the  Important  features  of  the  transonic  flow  at  diffuser  Inlet. 

It  Is  the  Intention  to  use  this  compressor  at  higher  rotational  speeds  so  that  the  diffuser  Inlet 
Mach  number  will  be  higher  and  stronger  bow  shocks  will  occur  usptream  of  the  throat.  The  corresponding  In¬ 
crease  in  boundary  layer  thickness  will  result  In  higher  blockage  and  consequently  will  reduce  the  pressure 
recovery  In  the  divergent  channel.  Alternative  designs  In  which  the  vane  suction  side  flow  deceleration  be¬ 
tween  leading  edge  and  throat  can  be  controlled  are  therefore  studied. 

NEW  DIFFUSER  DESIGNS 

In  order  to  evaluate  possible  Improvements  that  can  be  obtained,  a  detailed  Investigation  of  the 
flow  In  alternative  diffuser  designs  has  been  made.  Special  emphasis  was  put  on  the  optimisation  of  the 
seml-vaneless  space  geometry.  A  prime  requirement  for  the  seml-vaneless  space  Is  to  assure  that  the  local 
Mach  number  on  the  vane  suction  side  nowhere  significantly  increases  above  the  leading  edge  value,  either 
due  to  Incidence  or  due  to  surface  shape,  In  order  to  limit  the  strength  of  the  bow  shock  upstream  of  the 
throat. 


The  design  method  for  vaned  diffusers,  proposed  by  Herbert  and  Came  (6  1,  Is  summarized  in  figure  4. 
After  definition  of  geometrical  parameters  such  as  : 

-  radius  of  leading  edge  and  trailing  edge  location  (r,  ,  rte) 

-  leading  edge  and  trailing  edge  round-off  radius 

-  number  of  vanes 

-  throat  area  and  width 

-  Incidence  measured  against  the  suction  side 

-  leading  edge  wedge  angle  AL  and  channel  divergence  angle  AK 

curves  are  generated  which  fit  In  a  smooth  way  polynomials  through  the  points  H,Z,D,P,Q,L,E. 

The  most  Important  part  In  this  study  Is  the  vane  suction  side  shape  and  the  location  of  the  Inflec¬ 
tion  point  Z.  According  to  Herbert  and  Came  this  point  should  be  outside  the  suction  side  to  avoid  reaccele¬ 
ration  of  the  flow  upstream  of  the  throat.  However,  once  the  vane  leading  edge  angle  and  throat  dimensions 
are  fixed,  there  Is  not  much  freedom  to  choose  the  location  of  the  inflection  point. 

The  new  designs  have  a  reduced  diffuser  leading  edge  to  Impeller  outlet  radius  ratio  of  1.07  resul¬ 
ting  In  a  higher  leading  edge  Hach  number,  A  smaller  value  may  be  dangerous  for  the  Integrity  of  the  Impeller 
blades  because  the  Interaction  with  the  diffuser  vanes  becomes  too  strong.  A  larger  value  Increases  the  va¬ 
neless  space  and  can  be  at  the  origin  of  vaneless  diffuser  stall  I  7  |.  The  throat  area  Is  the  same  as  in  the 
previous  configuration. 

In  a  first  design  (geom.  A),  the  vane  leading  edge  Is  connected  to  the  throat  by  a  fourth  order  po¬ 
lynomial.  The  tangent  to  the  vane  suction  side  at  the  leading  edge  Is  at  76*  measured  from  the  radial  direc¬ 
tion  and  the  diffuser  has  29  vanes. 

The  diffuser  geometry  and  the  flow  field  calculated  for  the  operational  point  E,  is  shown  In  figure  5. 
The  flow  reaccelerates  after  the  leading  edge  to  a  Mach  number  of  1.25  and  the  strong  deceleration  In  front 
of  the  throat  Is  an  Indication  for  a  bow  jhock.  This  cannot  be  considered  as  a  good  design.  The  Hacit  number 
and  angle  distribution  shown  In  figure  6  (geom.  A)  explains  how  the  rapid  variation  of  the  suction  side  angle 
near  the  lendinj  f*  K-""nsabi»  for  the  1ner««»i  ur  suction  side  Mach  numbor.  The  deceleration  or  the 
fluid  takes  place  In  the  tegion  uf  constant  vana  angle.  Alternative  vane  shapes  and  blade  setting  angles 
will  therefore  be  examined  in  the  future  designs. 

In  a  second  design  (gtoe.  8),  a  logarithmic  spiral  ft  fitted  over  the  first  $05  of  the  vane  suction 
side,  in  order  to  obtain  a  vane  shape  which  Is  close  to  the  unperturbed  free  vortex  flow  (point  H  to  Z  on 
figure  4).  A  fourth  order  polynomial  makes  then  a  smooth  connaction  to  the  downstream  divergent  channel 
(point  Z  to  D).  The  number  of  vanes  has  been  reduced  to  2S  to  reduce  the  pressure  gradient  by  Increasing  the 
flow  path  length  between  leading  edga  and  throat.  Another  design  choice  Is  a  meridional  contraction  between 
Impeller  exit  end  diffuser  leading  edge.  This  modification  suggested  by  18  )  may  help  to  uniformHe  the  axial 
velocity  distribution  at  the  diffuser  leading  edge.  The  diffuser  width  It  8  mm  at  the  leading  edge  compared 
to  10.7  set  at  the  Impeller  exit. 

The  flow  field  relative  to  the  operational  point  E  Is  shown  In  figure  7.  Ons  observes  a  smaller 
reacceleration  of  the  fluid  downstream  of  the  leading  edge  and  the  deceleration  In  front  of  the  throat  Is 
again  Important,  Indicating  an  entry  bow* shock,  The  Mich  number  distribution  along  ths  suction  tide  (fig.  6 
geom.  8)  shows  a  reacceleration  of  the  fluid  downstream  of  the  Inflection  p-jint  2  due  to  change  of  flew  An¬ 
gle  to  a  more  radial  direction  as  shown  by  the  suction  side  angle  verletlon. 

In  order  to  minimise  the  suction  side  reacceleration  *  third  design  has  been  made  (atom.  C).  The 
blade  height  was  Increased  to  8.2  Mi  which  allowed  to  decrease  the  throat  width  end  to  minimise  the  convex 
curvature  of  the  blade  shape  downstream  of  the  inflection  point  2.  The  Mach  mmber  distribution  calculated 
for  the  operation  point  E  It  shown  In  figure  8.  Except  for  tome  local  perturbations,  no  reacceleration 
around  the  vane  Itadlng  edge  Is  observed,  the  tuition  side  Mach  number  decreases  gradually  towards  the  throat 
without  bow  shock. This  gradual  deceleration  Is  dearly  shown  In  figure  6  (geom.  C).  where  one  also  observes 
a  smoother  variation  of  the  vane  angle. 

the  Mach  number  distribution  has  also  been  calculated  for  the  same  geometry  at  the  operation  points 
A  and  C,  The  compertson  of  the  suction  side  Mach  number  distributions  (figure  9}  shows  that  a  smooth  varia¬ 
tion  remains  for  alt  operation  points  between  urge  and  choke.  At  the  surge  point  (A),  the  positive  Inci¬ 
dence  results  In  «  reacceleration  of  the  flow  downstream  of  the  teading  edge,  followed  by  a  smooth  decele¬ 
ration  towards  the  throat  Math  number.  At  the  choking  point  (C),  the  incidence  It  smaller  or  negative  and 
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the  maximum  Mach  number  is  lower.  The  Mach  number  in  the  throat  is  higher,  because  of  the  larger  mass  flow, 
resulting  in  a  lower  suction  side  deceleration  at  choking  mass  flow. 

COMPARISON  WITH  EXPERIMENTAL  DATA 

The  diffuser  design  C  has  been  built  and  Instrumented  with  a  series  of  static  pressure  tappings  on 
the  shroud  side-wall  as  shown  in  figure  10.  It  has  been  observed  in  the  past  that  such  measurements  seldom 
show  steep  pressure  gradients  corresponding  to  shocks.  This  can  be  explained  either  by  the  interaction  of 
the  shocks  with  the  thick  boundary  layers  on  the  lateral  walls  or  by  the  unsteadiness  of  the  flow  upstream 
of  the  throat.  Nine  additional  static  pressure  tappings,  having  0.3  mm  hole  diameter,  have  been  installed  on 
the  blade  suction  side  at  midheight.  It  Is  expected  that  local  accelerations  or  decelerations  and  eventual 
shocks  will  be  more  easily  detected  here,  because  of  the  smaller  boundary  layer  thickness. 

The  new  performance  curve  is  shown  by  the  dashed  line  In  figure  2.  The  choking  limit  is  now  at  a  1% 
lower  mass  flow.  It  is  not  clear  if  this  variation  must  be  attributed  to  a  difference  in  throat  area,  because 
of  different  blockage  or  manufacturing  errors,  or  if  it  must  be  attributed  to  the  fact  that  both  measurements 
have  been  obtained  on  different  facilities  using  different  devices  to  measure  the  mass  flow. 

The  new  operating  range  between  surge  and  choking  is  more  than  twice  the  original  one.  This  improve- 


blades. 

Isopressure  lines  measured  in  three  operation  points  on  the  105X  speed  line  are  shown  in  figure  11. 
Near  choke  the  static  pressure  on  the  suction  side  is  everywhere  higher  than  the  Impeller  exit  pressure  and 
a  smooth  pressure  rise  between  leading  edge  and  throat  Is  observed.  At  medium  mass  flow,  the  local  pressure 
downstream  of  the  leading  edge  first  decreases  to  a  level  below  the  inlet  pressure  and  Increases  towards  the 
throat  section. 

There  Is  no  operating  point  for  which  the  measured  distribution  agrees  with  the  one  predicted  for  the 
operating  point  E  and  shown  in  figure  12.  The  discrepancies  can  be  explained  by  an  overestimation  of  the 
boundary  layer  blockage  at  the  diffuser  inlet,  resulting  in  an  underestimation  of  the  incidence  dpring  the 
calculations.  In  the  experiments,  the  lowest  Incidence  occurs  at  choking  mass  flow  and  the  pressure  distri¬ 
bution  near  the  leading  edge  Is  very  similar  to  the  predicted  one.  Further  downstream  there  is  a  discrepan¬ 
cy  because  the  calculations  are  made  for  low  back-pressure  corresponding  to  unchoked  conditions.  At  medium 
and  surge  mass  flow  the  Incidence  Is  higher  (less  negative).  The  resulting  reacceleration  downstream  of  the 
leading  edge  Is  similar  to  the  predicted  Incidence  effect  shown  in  figure  9.  Closer  to  the  throat,  the  pres¬ 
sure  distribution  is  very  similar  to  the  predicted  one.  The  pressure  field  is  very  sensitive  to  the  inci¬ 
dence  angle  and  better  agreement  Is  only  possible  with  a  more  accurate  prediction  of  the  boundary  layer 
blockage  on  the  lateral  walls. 

The  static  pressure  distribution  along  the  vane  suction  side,  predicted  for  the  operating  point  E, 
is  compared  with  the  one  measured  at  choking  and  at  medium  mass  flow  on  figure  13.  It  shows  that  the  predic¬ 
ted  values  are  somewhere  between  the  experimental  curves  for  choking  and  medium  mass  flow.  The  data  shown 
here  are  measured  on  the  van*  suction  side  and  the  amplitude  of  the  variations  Is  smaller  than  the  one  mea¬ 
sured  on  the  side  wall.  The  variation  however  is  not  as  smooth  as  the  predicted  one.  It  Indicated  a  small 
discontinuity  between  the  leading  edge  and  the  throat. 

CONCLUSIONS 

Previous  calculations  have  shown  that  It  is  possible  to  design  diffuser  vanes  with  a  smooth  decelera¬ 
tion  of  the  flow  along  the  suction  side.  The  main  point  Is  the  control  of  the  convex  curvature  between  the 
Inflection  point  Z  ana  the  throat. 

Outside  the  design  point  this  optimum  velocity  distribution  can  be  perturbad  because  of  an  accelera¬ 
tion  of  the  fluid,  ImMotately  downstream  of  the  leading  edge.  This  acceleration  Is  strongly  dependent  on 
the  Incidence. 

The  flow  Is  very  sensitive  to  the  boundary  layer  blockage  on  the  sidewalls.  An  iterative  procedure 
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could  result  in  a  more  precise  prediction  than  with  the  linear  variation  used  in  the  present  calculation. 
However,  the  results  will  strongly  depend  on  the  diffuser  inlet  conditions,  which  are  not  well  known  at  the 
moment. 
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TEST  POINT 

Hj 

Bz 

S2 

Bth 

A 

1.21 

78.7 

0.10 

0.12 

8 

1.21 

77.9 

0.10 

0.075 

C 

1.20 

76.5 

0.10 

0.045 

E 

1.24 

78.7 

0.10 

0.120 

TABLE  1 


FIG.  1  -  CONTROL  AREA  AND  HESH  DEFINITION 
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FIG.  9  -  INFLUENCE  OF  INCIDENCE  ON  VANE  SUCTION  SIDE  HACK  NUMBER  DISTRIBUTION 
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FIG.  13  -  EXPERIMENTAL  AND  PREDICTED  PRESSURE  DISTRIBUTION  ON  THE  DIFFUSER  VANE  SUCTION  SlDE 


DISCUSSION 


A.S.O?er,  Tu 

Could  you  give  some  information  about  the  technique  used  for  determining  the  fluid  properties  on  blade  boundary 
surfaces? 


Author’s  Reply 

A  half  control  volume  is  placed  on  the  blade  boundaries,  where  zero  flux  is  applied  for  mass  and  energy. 

The  pressure  on  the  wall  can  then  be  calculated  in  the  normal  way,  because  the  central  point  is  on  the  wall,  in  this  way, 
extrapolation  of  the  pressure  towards  the  wall  can  be  avoided. 


METHODE  NUMERIQUE  D'lNTERA.OHON  VISQUEUX-NON  VISQUEUX 
POUR  LES  EOOULEMENTS  INTERNES  DEOOLLES 
ET LTNTERACmON  COUCHE  LIMITE  -  ONDE  DE  CHOO  (*) 
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J.G  LE  BALLEUR  et  D.  BLAISE 

Office  National  <T  Etudes  et  de  Recherche*  Aeroe petioles  (ONERA) 
BP  72,  S231S  OuLtUloo  Cede*,  France. 


Rdemnd 

Une  mrthode  de  calcul  dee  e’coulemente  Internes  trnnssonUiues  de'collec  einsi  quo  1’interaction  couch*  Hmit*  -  onde  de 
choc  set  present/*.  Elle  e'lppui*  sur  It  dfveloppement  de  resolutions  numdrlquea  Tndirectes'  par  interaction  vlsqueux  -  non 
vlaqueux,  blen  condltionnfee  aux  (rands  nombres  de  Reynolds. 

La  fluid*  vltqueux  eat  calcutf  scion  la  tWorie  de  'Formulation  De'flciUire',  Id  aimpltflCe  par  des  approximations  de 
couches  mlncss  compatibles  nvee  une  resolution  par  methods  Integrals.  Lea  mfthodes  rumdriquea  de  couplage  fort  'Direct*1 
et  'Semi-Inverse',  tins!  que  les  rafthodes  InWgrales  drtc>talree  direct*  et  Inverse  avec  modiles  de  turbulence  t  0-  1-  ou  2- 
dquatlona  de  transport  integral**,  qul  avalent  eV  propose**  anWrleurement  pour  le  calcu)  des  proflls  d'altes,  ont  ft*' 
flndraliafcs  aux  dcoulements  Internes  od  te  fluids  psrfsit  n/ccssite  un  trsltrment  des  e'qustlons  d'Euler. 

Des  re'sultxU  sontobtenus  pour  des  fcoulaments  turbulent*  dsns  des  canaux  transsoniques  bloques  avec  contre-presslon 
comportant  des  Interactions  couche  limits  -  unde  de  choc  'multiples,  sins!  que  des  ddcollemenls  naissanla  ou  dtendus.  La 
method#  eat  tgalement  appllqufe  i  1'interactlon  coucbe  limit*  •  onde  de  choc  cn  aupersonique,  pour  des  rampes  de 
compression  ou  des  reflexions  d'ondes  de  choc  obUquea.  Lea  premier#  rCeuilat*  obtenus  pour  le  calcul  dts  dcouiements 
vltqueux  de  $rille  d'aubea  aont  prS’senU's. 


NUMERICAL  VJSOOUS-INVISCID  INTERACTION  METHOD 
FOR  INTERNAL  SEPARATED  FLOWS 
AND  SHOCK  WAVE-BOUNDARY  LAYER  INTERACTION 


AhWiect 

A  calculation  method  for  Internal  transonic  stparaud  flow*,  and  for  thotlt  wave  ■  boundary  layer  Interaction!,  Is 
pretested.  Ilia  based  on  development#  In  'Indirect'  numerical eolvere  with  vlacous-iavUdd  splltiing,  well  conditioned  at  h!*b 
Reynold*  number*. 

The  vltcous  flow*  are  catculeied  with  the  'Defect  Formulation'  theory,  here  eimpllfled  with  thin  layers  approximations 
wtfcjatlbl*  with  an  tnttjral  method.  The  'Direct'  ard  'Semi-Inverse'  strong  coupling  method*,  and  the  direct  and  luverse 
defect  Integral  welhsda  with  turbulence  models  in«otvtn»  0-  .1-.  or  2-  Integral  transport  equallone,  which  have  been 
previously  mutated  for  airfoil#  flowe,  have  been  (eocrallsed  to  lauroa1  flow*  for  which  thi  Invlsdd  field  requires  to  use  an 
Euler  -olver. 

Result*  arc  obtained  for  turbulent  flows  In  transonic  chocked  channels  with  back-pressure.  Involving  multiple  shock  wave 
-  boundary  layer  laterat  lions,  and  Indpleal  or  extensive  separations.  Tbe  method  »  also  spplied  to  aupereoalc  ehoek  wave  • 
boundary  leyer  tatarsdlons,  for  compression  rampa  or  ahock  wave  •  reflexions.  Fleet  results  obtained  for  computing  vltcous 
flow*  In  cascades  are  presented. 


1  *  lutruductlou 

Les  dcoulemeuto  luUruea  den  turboaa  whine*  »c  caracWrueot  par  de#  nomhres  de  Reynolds  sieve’s  et  par 
Tinflueoc*  domituujto  de  phdfioraine*  d*  fort*  inUraclkm  visqueute,  ddeoliemcnto  et  Interactions  couche 
Usitt*  -  onde  de  choc  noUmwenl  Le  devcloppetnenl  de  mdthovlca  tiume'r iques  capable*  de  determiner 
compldUment  cm  dcouteroeato  repose  de  c«  (all,  soil  tut  dee  mn'thode*  de  resolution  •Directs*'’  dVquabona  dc 
type  Navitr-Stoxea  |1,2|,  tolt  *ur  dc*  tndlhodes  de  rdsoluuoa  ’Indirectes*  par  in  to  racoon  vwqusux-non 
visqueux  plus  *pefdfiqu«Ktst  coadttkmnd**  pour  les  grand*  nombrei  de  Reynold*  1 1.3  A  lfi| . 

Le*  progril  d«  tadlhodet  Indlrecto*",  voir  par  exetaple  Lt  Balleur  |U,12|.  monUeal  que  ces  melhodes 
auinrrtquei  nt  tons  pu*  iimUdte  aux  tpproxitnxUont  dc  la  couche  limit*,  et  que  Sour  extension  progressive 
devralt  permeUre  d'obtoair  i  volontf,  soil  ua*  rdaoluUoa  d'rfquttwn*  d*  couche  limit*  |e'ndrali*de*  avec 
coupltgt  fort,  wit  uoe  VeoluUoa  Indireete*  d'dqustioa*  de  Navler-8tok#». 

L'aviato*e  iatrtudque  dee  Tadthodee  Indirect***  par  inlenciroa  vtaqueux-eon  viiqueux  etl  celur  d'ua 

Hi*ui  tfnitit  over  U  tvtUt  jxMttau  it  U  DUET*  <?r  It  SMXtoA 
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conditionnement  numdrique  d’autant  plus  efficaoe  que  le  nombre  de  Reynolds  est  plus  dlevd,  contrairement 
aux  "mdthodes  Directes".  Cet  avantage  est  similaire  d  celui  des  techniques  numdriques  de  couche  limite,  les 
"mdthodes  Indirectes”  visant  prdcisdment  &  gdndraliser  les  techniques  numdriques  de  couche  limite  pour 
rdsoudie  les  dquations  de  Navier-Stokes. 

Le  second  avantage  des  "mdthodes  Indirectes"  est  la  possibility  au  moins  dans  une  premidre  dtape  de 
ddveloppement,  d’introduire  des  dquations  et  moddlisations  plus  simpiifiees  que  dans  les  "mdthodes  Directes”, 
sans  dliminer  la  capacitd  de  traiter  l'interaction  choc  -  couche  limite  ou  le  ddcollement  massif  [12).  Un  second 
objectif  possible  des  "mdthodes  Indirectes"  est  de  ce  fait  la  recherche  d'une  rdduction  notable  du  cotit  de  talcul 
i  grand  nombre  de  Reynolds. 

En  contxe-partie  de  ces  deux  avantages,  les  "mdthodes  Indirectes”  conduisenti  une  complexitd  numdrique 
accme  par  rapport  aux  "mdthodes  directes”,  notamment  par  la  ndcessitd  d’un  opdratear  numdrique  de 
"couplage  fort"  traitant  l’interaction  entre  les  opdrateure  visqueux  etnon-visqueux. 

La  prdsente  "mdthode  Indireote",  ddtaillde  en  [13,14]  conespond  a  la  thdorie  de  "Formulation  Ddficitaire” 
proposde  antdrieurement[9,14].  Celle-ci  estrdsolue  avec  approximations  de  couches  minces  et  moddlisation  de 
mdthode  intdgrale.  La  mdthode  "Semi-Inverse"  de  Le  Balleur  [15]  est  utilisde  pour  1’operateur  numdrique  de 
couplage  fort. 

Les  rdsultats  de  cetie  premiere  dtape  ddmontrent  que  le  calcul  des  dcoulements  internes  ddcollds  par  une 
"mdthode  Indirecte"  est  rdalisable.  Ils  montrent  en  second  lieu  que  la  valeur  prddictive  de  la  prdsente  mdthode 
intdgrale  s’avere  tre's  encourageante.  Elle  devrait  permettre  d  terme,  moyennant  un  progrd3  sur  les  techniques 
numdriques  actuolles  de  type  explioite  utilisdes  pour  les  ope'rateurs  “non-visqueux"  et  "couplage”,  de  conduire  a 
une  mdthode  de  calcul  de  cotit  minimal.  Enfin  la  Mdthode  sous  sa  forme  actuelle  permet  aussi  d’envisager  son 
extension  i  une  rdsolution  "Indirecte"  d’dquations  de  Navier-Stokes  par  “Formulation  Ddficitaire"  et  technique 
numdrique  de  couplage. 


8  -  Formulation  Ddficitaire  »  Equation*  elmpitfidea  rdsoluca  • 

2.i  Formulation  Ddficitaire  compldte 

Rappeloua  que  la  thdorie  de  “Formulation  Ddficitaire",  Le  Balleur  [9,14,17],  dirsoeia  le  problime  global  en 
sous-probktuea  numdriques  visqueux  ("ddficitaire")  et  non-visqueux  (“pseudo- Hunk  pari  ail")  dont  les 
doinaines  de  calcul  se  recouvrent  et  occupant  tout  I’espace.  La  dissociation  n’dtant  pas  unique,  la  "Formulation 
Ddficitaire"  jet  colie  oil  le  pseudo-fluide  parfait  satisfait  les  dquations  d’Euler,  la  viscoaitd  ne  contrdlant  le 
pseudo-flu  ide  parfait  que  par  les  conditions  aux  limites. 

De'signaat  par  jf  .  jT  la  pression  et  la  dsnsitd,  par  V  ,  57  les  cornpo sanies  de  la  vitosse  et  par  V  les  termes 
de  conlrainUs  visqueusos  en  repdte  cartdsten  XOZ,  par  S' ,  Si  et  7  leurs  homologues  dans  le  repdre  curviligne 
orthogonal  xOt  tangent  &  la  paroi  ou  &  la  ligue  moyeuae  du  sillage,  Isa  dquations  de  Navier-Stokes  : 
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coMlitud  d’un  champ  paeudo-fiuide  parfait  p  ,  jr,  V  ,  W  ea  cootdoandee  earidstennes,  vdrifianl  ks 
Equation*  d  Euler  (2),  el  d’un  aystdae  d'dquitiou*  deficits!  ree  (3)  aiusl  que  dVquaUoua  de  couplage  fort (4) 
•a  coordonades  curviUgoee,  avec  h-H-  K».  K(x)  elaul  la  couibure  de  la  parol. 

L’inUgratioa  exacts  en  s  de  IVquatsou  de  continuiU  ddficitaire  de  (3),  c-otnpte  tenu  du  coupiage  lort(4). 
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foumit  la  condition  "d’effet  de  deplacement"  gifndralisde  aux  equations  de  Navier-Stokes  : 

00 
Q  r 

paroi  :  pw( t(0)  = — j  (pu-pW)  <U  (5a) 

s*  o 

+CO 

a  . .  _ 

sillage  :  </>«>(,, o)>  = — J  (pu-pu)  iz  (5b) 

9x  „ 

-oo 

expression  oil  </>  =/(*,0+)  -  /(*, 0‘).  Cette  condition  aux  limites  exacts  a  permis  d’dliminer  Fdcueil 
dee  couches  limites  “supercritiques”  an  sens  de  Crocco-Lees,  voir  Le  Baileur  [16] .  Elle  inclut  la  variation  de  pu 
selon  z,  etsuffit  i  determiner  Ie  pseudo-Suide  parfait  dans  1'approximation  potentielle. 

Lorsque  les  equations  d’Euler  completes  (2)  sont  resolues,  la  theorie  des  caracteristiques  montre  que  la 
condition  (5)  n’estsuftisante  que  dans  les  zones  oil  le  pseudo-fiuide  parfait  presente  une  succion  &  la  paroi  ( 
w<0,  normalo  Oz  vers  l’interieur).  Deux  conditions  doivent  $tre  ajoutdes  dans  les  zones  od  I’effet  de 
deplacement  impose  une  injection  (w>0)  afin  d’y  fixer  les  niveaux  d’entropie  et  d’enthalpie  totals. 

Comme  il  a  deji  et e  indiqurf,  voir  Le  Baileur  [10,ll],un  choix  quelconque  peut  Stre  effectue  pour  cos  deux 
conditions  suppiementaires  dans  le  cas  de  la  Formulation  Deficitaire  complete  (2)(3)(4)  mettant  on  jeu  des 
equations  de  Navier-Stokes.  En  cas  de  modeiisation  simplifies  du  systems  deficitaire  (3)  au  contraire,  ca  choix 
est  un  degre  de  liberte  supplemental  pour  minimiser  les  approximations  de  couche  mince.  Dans  le  cas 
present,  faute  d’une  etude  plus  precise,  le  choix  empirique  de  derivdes  normales  nulles  pour  1‘entropi.  et 
I’eathalpie  totale  du  pseudo-Suide  pariait(si  w>0)  a  eta  retenu. 

2.8  -  Equations  sitnplifiees  resolues 

Admettant  que  I ’approximation  Navier-Stokes  “Couche-Mince“  est  suffisante,  les  contraintes  visqueuses 
sont  reduites  au  terms  do  cisaillement  F.  On  rdduit  de  plus  les  equations  deficitairos  par  un  de'veloppoment 
asymptotique  par  rapport  d  1’epaisseur  6  des  couches  visqueuses.  Les  equations  deficitairos  aimplifie'es  au 
premier  ordre  sont  alors  : 

9  0 

-(pu-  Jff)  +  (p vi-JW)  »  0 
0r  9s 

~-(pu*-?Jf*)  +  —(puw-pw)  «=  -  —  (6) 

0*  Oi  0 1  0s 

8  , 

"■"/  D—  ff)  W  Q 

i)i 

Les  equations  wtegrales  deflcltaires  eorrespoitdanfcs  obttmues  par  integration  setou  s,  completes*  de 
I’tfquaUon  deficitaire  locale  de  quantite  de  mouveineat  eu  j  >•*{(*)  (equation  d'eutrainement)  sont  alors  : 

/-^-[pje,!- \  o  (7) 


pv  * j  **  0 

P*v  +  ?SS?  |  «  P?'“ 

(if  ul 

{-r-  ~  -»«e 

I  **  « 


?{*.*)  “  *>(*.*) 


,  V£L-  -L— 2f— 

a*  g 

8$  W) 
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Rappelons  que,  compt«  tenu  du  caractdre  "Deficitairs"  des  definitions  (11)  des  c'paisseurs  inWgraies, 
IVquation  do  continuity  (7)  est  exact* ,  que  les  equations  ds  quantity  de  mouvement  (8)(  10)  ou 
d’entrainement  (9)  sont  approchees  4  l’ordre  6  prds,  et  que  1’ approximation  de  premier  ordre  sur  le  gradient  de 
pression  normal  (10)  est  dej4  moins  restrictive  que  ies  equations  de  Prandtl.  Une  correction  de  second  ordre 
(12)  peut  en  outre  affiner  4  posteriori  [’approximation  du  champ  de  pression  4  partir  de  la  "courbure  induite" 
K‘(x)  de  la  surface  de  deplacement  [16,9]  : 

rt*.0)  =  P(*  o)  -  K\x)  (4t+du)  ptU  (12) 

Cette  correction  conduit*  ie  long  des  sillages,  4  introduire  dans  le  pseudo-fluide  pariait  une  condition  aux 
limites  “d’effet  de  courbure”  generalised  <p(x,0)>,  deduite  de  (12)  par  la  continuity  du  champ  de  prassion 
reel  <p(x,0)>  =0.  II  est  4  noter  que  les  “courbures  induites”  au  dessus  du  sillage  K  (x.O'*),  et  au  dessous 
K\  x  ,0“),  sont  difl drentes,  surtout  dans  le  proche  sillage  j  14] . 

2.s  -  Fermeture  turbulente 

Les  equations  deficitaires  simplifieea  (8),  rdsolues  sous  la  forme  integrals  (7)(8)(9)(10),  sont  fermees  par 
modeiisation  pour  les  couches  turbulentes  avec  decollements  etendus  (1<#,<oo)  proposee  par  Le  Balleur  en 
bidimensionnel  (14,12],  puis  en  tridimensionnel  [17,10]  et  en  inatationnaire  [18].  On  admet  que  cette 
modeiisation  de  type  couche  limite,  qui  determine  S,Ct,\E ,t  en  fonction  de  4,,  0Ul  reste  applicable  aux 
grandeurs  “deficitaires"  de  (11). 

Les  profils  de  vitesse  turbulents  moyens  sont  representes  par  la  description  analytique  4  deux  paramdtres 
(Mu)  suivante,  oil  t  =*61)  etod  6U  est  1‘epaisseur  de  deplacement  "incompressible” : 


1  -  <?,=>  +  5.25X0.41  ]  ,  C, 

F(JQ  =(t-Xw)  ,  F  «=  1  s<  AT  <  0 

«?‘~o  ,0  <4„<  044  4 

4i>*  =»  4.598  (4|,-0,44  4)‘  ,  0.44  4  <  4„  <  0.G9  4 
4rj‘«  2,299  (4, .-0.585  4)  ,0.09  4  <4U  <  4 


1  g/ 
0.41  vnc/T 


(14) 


Les  profits  ( 13)(14)  ge'neralaml  lea  pro  ft  la  de  Colee  des  yeoulementa  attaches  par  la  loi  «|*(4,,/)  qui  modifie 
UJouetiou  de  tillage.  La  loi  n‘  elunlue  lea  vitasses  d*  retour  phyaiquement  irrealiste*  qui  opparaitraient  avec 
i»*  “  0  pour  les  couches  limites  influtment  decoliees  et  permit  de  ealeuler  le  cas  exttirae  d'une  couch*  de 
melange  iso  bare  (//,-♦  00),  votr  [12].  Les  profile  de  density  sont  deduite  des  profits  de  vttesse  dans  I'hypothiae 
uoenergetiquv 

Dana  le  m  d'une  turbulence  d'yqullibre,  e'esti  dire  avec  X(e)  «*  1  dan*  ('equation  d'entratnement  (9), 
I'entrainement  F„  est  ddduit  de  la  modeiisation  des  profits  de  vitesse  par  une  fermeture  alge'btiquc  du  type 
longueur  de  melange,  de  inline  que  la  dissipation  tnWgral*  d'e'nergte  tea  expresstona  dtant  pre'cisees 
references  [14,13]. 

Dans  le  ou  d'utte  turbulence  hom-equilibre,  si  * '  * ) (  y( * )  ,  f(«)  sont  restwcuvement  les  valeurs 
tnoyenats  entre  **»0  et  t“4  de  I'energie  cioetiqui  de  uirbuience  f(x,e),  de  ta  dissipation  locals  d'energis 
?(*,e)  et  de  la  contralnu  de  ctsaillement  de  Reynolds  f(x,{),  I'ecart  4  I'equilibre  X( * )  est  fturnt  par  la 
resolution  d'uue  ou  deux  equations  integrates  de  transport  simplifies*  proposes  preceUemmeut  [14]  pour 
I'energie  i  etlacoolramu  de  Reynolds  f 


£-o. 


H*)  .  i «—{ 1-  *  *)« 

u 


(15) 
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las  niveaux  d'dquilibre  k,f 


,  dtaDt  prdcisds  dans  la  rdfdrence  [14,12] . 


3  •  Mdtfcodee  do  resolutions  numrfriqiea  - 
3,i  -  Equations  integrates  ddficitaires 

Supposant  qua  1’enthalpie  to  tale  est  constant*,  las  equations  de  IVcoulement  moyen  (7)(8)(9)  sont  Sorites 
on  fonction  de  deux  paramitres  piopres  a  la  couche  visqueuse  ((z)  et  «(i)  ainsi  quo  de  trois 

paramitres  communs  aux  problcmes  visqueux  et  non-visqueux,  le  nombre  de  Mach  rrfduit  m  =  0.5( t—  l)Ma, 
la  pression  totals  p„  le  rapport  z>/q.  Pour  ces  trois  paramitres,  on  note  (ift, pit (&/?)(,. 0j  les  valeurs  prises  par 
les  parame'tres  dans  la  resolution  decouples  du  problems  visqueux,  par  (m,p,,te/?)(t,o)  les  valeura  prises  par 
les  parametres  dans  le  pseudo-fluide  parfait,  ces  valeurs  ns  coincidant  qu’aprds  convergence  du  couplage  fort. 
Les  equations  de  transport  turbulent  (IS),  somi-decoupiees,  sont  resolues  separement  pour  caleuler  l’ecart  a 
requilibre  de  la  turbulence  X(i).  La  systems  des  equations  moyennes  de  rang  3  stecrit  alors  : 

f 


Le  nombre  d'inconnues  etant  de  cinq  {£,a,»'l,pl,tf>},  la  resolution  de  (16)  peut  etre  efTectuee  on  couplant 
directement  deux  des  parametres  communs  aux  proble'mes  visqueux  et  non-visqueux,  la  compatibilite  du 
troisiime  paramdtre  commun  devaat  cependant  etre  rejetee  sur  la  convergence  ulWrioure  de  i'algorithme  de 
couplage  fort : 

.  ii  ,  ,  dift  w  ,  .  dm  ,  , 

p,  =p,  ,  <—  +  (!-»)— •=»  <--  +  (l-e) —  (17) 

f  M  j  is 

Dans  les  tones  iloigoies  du  decolloment  ( paramitres  de  forme  //,  <  1.8  ),  la  resolution  cstoffeotuee  en 
problime  "Direct"  (<  «=0),  avec  w  =«m,  p,  ®>p„  et  de'couplago  de  la  vitesse  normale  u>  y4  to.  Dans  ce  mode, 
oil  les  inconnues  lit  et  p,  sont  rflirofne'ea  du  system*  (18),  on  a  pi  moutrer  que  le  ddtenninant  du  sous- 
eystime  final  s'annute  au  decolloment  (7/,  =»2  7)  et  que  la  stugulnrite,  tide  i  celle  de  Goldstein,  ne  peut  etre 
lev*  qu’i  convergence  du  couplage,  voir  Le  Baiteur  [  1$| . 

Dans  lea  tone#  drfcolltfes  ou  proehes  du  dicollemeut  (parumitrea  de  forme  //,  >  1  8  ).  cette  difficulta  est 
eVitde  en  adopUat  uue  resolution  en  problime  "inverse*  {«  »!),  le  mode  inverse  choisi  e’taal 
ii/q  p,  *mp„  avec  ddcouplage  de  la  vitesse  et  du  Mach  ?  f.  i*t  j*  m.  II  a  pd  itre  mooted  que  ce 

mode  n'est  jamais  singulier,  mime  eu  supersonique,  compte  tenu  de  I'elimination  des  interactions 
Vtpercritique*"  au  sens  de  Crocco-Lees  griee  A  IVquatlon  d*  couplage  “ddficitsJre"  (7),  voir  Le  Dalle ur  [10] 

Duns  le  mode  Direct  eomtae  dsns  le  mode  inverse,  la  resolution  numerique  est  tou jours  cffectuee  en 
ruarchaat  d’amont  en  aval  I.e  detail  des  schemas  uume'rlques  impllcites,  iiou-lme‘wi«s,  tats  au  point  pour 
inWgrer  te  systems  ( 10),  prrfcis  au  premier  ou  au  second  ordre  setou  la  taille  des  to  miles,  est  pr&isd  dons  la 
rdfdrence  ( U| . 


La uoddltttUon  par  motWs  supe'rieurts  (*>0)  et  lnfdrteures(*<0)  de*  profits  de  vitesse  rooyeune  de  part 
et  d’aiiUe  du  minimum  de  viteiee  st  famine  i  annulcr  Ct  dans  *»  reprdseuUlion  { 13)(  H).  Ceei  conduit  a 
tempkesr  ( 16)  par  un  systems  de  rang  double,  voir  ( 14]  . 


ft, 

1  »(.**}  +  ®(.,e*i  «  0  ,  «„*♦,  -  -  0 

Bien  que  la  resolution  exacte  de  (18)  soil  realisable,  voir  (14],  I*  fait  que  1'effet  de  courbure  soil 
ndgUgeable  au  premier  ordre  en  vertu  de  (10),  ce  qul  imptiqu*  <p(s,0)>  —  ^*,0*)  -  p(*,0')  -  6,  conduit 
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en  dcoulement  issatiopique  &  un  calcul  notabiement  simplifid  oil  ?(*,0+)  =  ?(*, 0  ),  m(i,0+)  =  m(*,0  ), 
»+  =  «',  [jl|+=[Al_.  Par  extension,  si  !a  discontinuitd  d’entropie  du  pseudo-fluide  parfaitsur  lacoupure  du 
sillage  reste  moddrde,  un«  decomposition  des  equations  ( 18)  en  parties  symdtrique  et  antisymetrique  reste 
possible  moysnnant  ur.e  certains  approximation,  voir  [14,18)  : 

/*_/  +  !(/+-/-)  ,  /  =.-(/++/-)  ,  A+c*A-c*A(f)  (19) 

2  2 


‘■-{H>  0  k^} 


la  partie  symetrique  (20)  etant  suffisante  4  site  seule  pour  determiner  1’effet  de  deplacement  de  premiere 
approximation.  Le  systems  (20)  peut  alors  etre  traite  de  tacon  strictsment  analogue  au  system e  de  couche 
limits  (16). 

3.s  -  Fonction  d'influence  visqueuse 

L'eiimination  de3  inconnues  propres  au  problime  visqueux  4(r)  et  a(x)  dans  les  systdmes  (16)  et  { 20) 
foursit  une  relation  dide'rentieUe  entre  la  vitesse  normals  ti(  r,0),  la  vitesse  $f*,0)  et  la  ptesaion  totals 
«».0) : 


U  1  i*  hi*  J(,.0) 


la  vitesse  norm  ale  ui/j  devant  6tre  remptacee  par  la  discontinuite  de  vitesse  normals  <ti/f  >  sur  la  coupure 
dans  le  cas  d’un  sillage.  Cette  relation,  qui  represents  la  condition  aux  limites  applique's  &  I'operateur  "pseudo- 
fluide  parfait",  caracWriae  I’operateur  “visqueux"  dans  le  traitement  aumdrique  du  couplage  visqueux  -  non 
visqueux,  voir  Le  Balleur  (9,t3.16,18|. 

La  relation  montre  que  les  rdle*  des  variables  et  f  ne  Boat  pas  aywetriques,  Lite  est  fortement  nou- 
Uodaire  par  le  terme  0*  qui  est  ndgatif  dans  iee  tones  attaehdes,  positif  dans  lea  tones  de'cotle'es,  et  qui  tend 
vers  1‘infini  sux  stations  de  ddcolleareut  ou  de  recoUement,  Le  calcul  de  £)*  est  ne'cessaire  pour  eooUdter  la 
aUbtliU  des  aigorithues  de  couplage . 

3.<  •  Algorithm**  numdtlques  de  couplw 

Le  couplage  visqueux  -  non  visqueux  est  obunu  seton  tee  tones,  soil  par  la  methods  Direct#*,  soil  par  la 
methods  “Semi-lnverst*  da  Le  Balleur  (IS).  Cee  tadthodes  tie  relaxation  pour  It  couplage,  d«  nature  explicit*, 
•valent  did  origluelletaesl  ddfcuie*  pour  dinner  weds  au  calcul  des  dcouleuents  ddcolfds  en  regimes  sub-  ou 
auper-sonlqu**,  smei  que  pour  lournlr  sutomatiquemenl  le  cooudle  de  stabiittd  Undone  ndcesxitd  par  teur 
caractfre  explicit*. 

TouUfoLi,  I’ analyse  de  stabllite'  du  fluid*  parfait  vis  &  vis  tie  conditions  tntx  limit#*  perturWe*  qui  avaunt 
did  propose'**  [is)  pour  defialr  cn  method**  supposaat  la  rdsoluUon  d’i'quaOon*  sunonnwres,  un  minimum 
d*  conv«rg*n«  d«  I'opdratcur  fluid*  perlait  doit  lire  wsurd  entre  deux  udratiunn  de  couplage.  Ce  minimum  de 
conv*rg*oc*  a'avdre  en  pratique  plus  contreigaaat  dans  t«  cat  du  colveur  Eu.lct  de  type  explicit*  aelueUemcot 
utilise* (50  A  100  pas  d*  tempt),  que  dans  Is  cas  d’un  eolveur  powntitl  uuliiaat  un*  technique  de  relaxation  (6 
4  10  iteration*). 

Dsnt  les  ten**  d*  couches  visqueuses  aitachdes  od  le  irobUme  visqueux  est  rdsolu  en  mod*  direct 
{  fl,  <  1.8),  I*  couplage  est  tisiCd  per  i’aigontbme  Direct".  Ddsignast  par  w*,,  }*, ,  e\,  Us  valeurs 
dberdtisde*  de  ar{*,0),  * (s.0).  <i{*,0)  i  I'lUratwa  dt  couplage  n  et  aux  abscisses  *„  ii  a'dcril  1 15)  , 


<?  -  <•  “  <•».«,*(  <»-  <,) 


0  <  v  <  2 
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H(,A)  =  =  R  +  j  I  ,  0  ■=  t/l-M* 

avec :  „  (23) 

n)  =  - -r — j  ,  «»«=7 - 

(!-«}*+  /®  A*. 


Dans  css  expressions  iD,.i  represent*!  1’estimation  issue  du  systeme  visqueux,  done  de  (21)  avec 
$  =f“(z,Q),  0)  et  ft  represent*  P  amplification  de  couplage  non-relax^e  [IS],  amplification  tendant 

vers  1'infini  au  ddcollement.  L’algorithme  (22)  est  capable  de  propager  l’influenee  visqueuse  d’aval  en  ament- 
dans  les  zones  supersoniques  grice  4  l’utilisation  de  schemas  dtfcentrds  vers  1’aval  pour  ( im/ix ),*!  dans  la 
relation  (17),  e’esti  dire  pour  le  couplage  des  ddrivdes  de  ift,  0  avec  m,",,  j’,. 

Dans  les  zones  od  le  problem e  visqueux  est  rdsolu  en  mode  inverse  (H,  >  1.8  ),  le  couplage  est  traiW  par 
la  mdthode  “Semi-Inverae”.  La  correction  sur  »*i  est  ddduit*  des  estimations  visqueuses  #(*,0)  et  non- 
visqueuses  {‘(*,0)  etde  leurs  ddrivdes,  discre'tisd'es  aux  abscisses  t,.  Elle  a’dcrit  (IS)  : 


avec  lee  expressions  (23)  de  ft  et  u,t,.  Elle  est  utilise*  sous  la  forme  originelle  [15j  avec  at*  —titf,  uf  =  0 
aux  noeuds  subsoniquet,  tit*  «*0,  w,*  aux  noeuds  supersoniques.  La  dtfriyde  seconds  de  est  en  outre 
diserdtisde  avec  un  decantrement  vers  Paval  par  rapport  d  la  ddrivde  seconds  de  ce  qui  augment*  la  vitesse 
de  convergence  (pour  le  nombre  d’onde  a~.l  et  aceentue  la  oapaciW d  propager  Pinlluence  visqueuse  vers 


Pamont  dans  les  zones  supemomques. 


4  •  HneultaU  nunwrlqoca  - 

La  present*  me'thode  de  ealcul  a  dtrf  miss  en  oeuvre  tot  en  utilisant,  pour  la  partie  resolvant  les  equations 
d’Euler,  la  technique  pseudo- instationnaire  i  enthalpi*  totale  constant*  de  V|vi\nd,Veuiltot  (19|,  qui  sarnie 
♦ssentielletuent  sur  une  adaptation  du  schema  explicit*  de  Mac  Cormsck  et  sur  un  traitement  des  conditions 
aux  limit**  par  relations  de  compatibility.  Les  iterations  des  algorithm**  de  couplage  ont  tfu'  mend**  en 
eflectuant  50  pa*  de  temp*  du  tolveur  Euler  par  iteration,  avec  la  technique  du  criulre  CFL  lewd. 

La  uirfthode  ad'abord  e'te  developpde  pour  le  ealcul  des  ecoulemeula  visqueux  eu  canal  plan  Les  rdauluta 
ont  permit  de  verifier  la  capaciW  de  la  method*  i  Uaiter  le  de'collement  tftendu  ainst  que  le*  divers  types 
d' Interaction  eouche  limit*  ■  onde  de  choc,  en  transsonique  et  en  *upersoniq*ie  it*  ont  vertfie"  aussi  que  la 
present*  "mdthod*  Indirect*'  d'uiterseuon  visqueux  •  non  visqueux  peut  Air*  utilise*  sur  de*  geometries 
quetconque*  avec  taUraction*  visqueuse*  multiple*,  tarn  long  temps  que  le*  couches  limit**  ne  sunt  pas 
confluent#*,  tea  seult-s  denude*  nt'eesssires  au  ealcul  slant  le?  mimes  que  dans  les  'method**  Direct***  d» 
resolution  d 'equations  de  Navier  Stoke* 

La  me'thode  a  ensuite  et*'  develops  pour  te  ealcul  des  ecouteiucuU  visqueux  de  grilles  d'aubes  planes, 
(hint  le*  premier*  tcsultata  tent  priseote'e  lei 

4 1  ♦.Conditions  aux  limit**  •  Echelles  de  disere'Usiflion 

Les  donates  sont  consume?**  de  la  geomeuit,  des  conditions  &  Pamont  du  fluids  patfait  et  de  la  couch* 
visqueuse.  Rites  soot  cow  pieties  par  une  doane'e  4  t'avzt,  cells  de  laeontrc-pression  eu  Uaujssomqus,  suppose* 
ifl  uotlorae  dsns  la  section  de  sortie,  et  cell*  du  rstour  A  une  situation  de  taiblw  tutstacuon  vuqueuse  i 
I'esue'iatW  aval  de  la  couehe  vtsqiitus*  to  supersoniqut  (gradient  de  pisssion  longitudinal  mil  dans  la  couch* 
visqueuse),  une  telle  condiuou  jwuvaat  iu*  r emplace*  par  la  denude  de  la  pminoo  de  caisson,  dans  1*  cm 
ii\io«  tuyAie  sur-  ou  sous-dtundut. 

Outre  les  problems*  propres  au  UsiUment  du  couplage  visqueux  -  non  visqueux,  tola  que  la  condition 
d'eoUOpr*  dans  Its  touts  od  w>0  tmsi  que  sa  coaueclwa  avec  ie  couplage  du  ailing*,  une  coatiainu 
important*  dans  ce*  c&kul*  d'mteracUons  visqueuses  corapltxes  est  la  udcestiU*  d'uuiuer  des  m si ll ages 
suflisam total  deasas  pour  captuter  ournsriquemeut  Its  regions  de  compression  des  d^collttuenu  turbulent#.  la 
Udlt  des  m  sides  dsvant  iire  inldrteurs  ds  tnoita?  tu  tuoins  &  IVpaaswur  locale  de  la  couch*  visqueuse  ea  debut 
d'iauraition 

IDca  raaiUagea  moms  dense#  conduiee&t  ea  e&et  suit  4  un*  divergence  das  algorithm**  de  couplage,  soil  de 
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tout*  manidre  4  une  resolution  inexact*  des  phenomdnea  physiques,  ilominde  par  la  dissipation  numdrique  des 
schemas  de  calcul.  Bien  que  moins  contraignsnte  que  1’echelle  de  discretisation  en  i  necessaire  en  cas  de 
resolution  des  equations  de  Navier-Stokes,  cette  dchelle  de  discretisation  minimale  en  x  pour  les  probldmes 
d’ interactions  fortes  turbulentes  conduit  &  une  difficulte  pratique  de  maillage  du  champ  de  calcul.  Elle  conduit 
aussi  4  une  penalite  notable,  lorsque  le  maillage  est  uniformement  dense,  pour  les  techniques  explicites  des 
solveurs  "Euler"  et  “coupiage",  notamment  dans  les  cas  presentant  des  zones  quasi-soniques  etendues.  Le 
developpement  de  solveurs  non-explicites  ainsi  que  de  maillages  auto-adaptables  [14,131  e0“  cependant 
envisageable. 

4.8  -  Canal  transsonique  symetrique 

Cette  configuration  ainsi  que  celie  du  paragraphs  4.s  confrontent  la  prdsent*  mdthode  de  calcul  i  dos 
experiences  ^'interaction  couche  limit*  -  onde  de  oboe  en  transsonique  effectudes  4  l’ONERA,  Ddlery  [20],  II 
s'agit  ici  d’une  tuyere  plane  supersonique  symetrique  d'environ  120x100  mm  de  section,  alimentde  i  une 
pression  total*  de  0.96  bar  et  une  temperature  totale.  de  300'K.dans  laquelle  la  contre-pression  induit  une 
interaction  choc  droit  -  couche  limit*  turbulent*,  sensiblement  4  Maeh=1.30,  avec  un  nombre  de  Reynolds 
foudd  sur  la  vitesse  locale  ainsi  que  I’rfpaisseur  i  de  la  couche  limit*  en  debut  d’interaction  Rt  ca  2.  x!0\ 
L’interaction  correspond  environ  au  ddcollement  naissaat 

Dans  le  calcul,  la  couche  limit*  4  l'amont  de  la  tuydre  est  supposes  dVpaisseur  nd’gligeable.  Par  ailleurs, 
1’expdrience  faisant  appel  4  un  second  col  mobile  ne  conduisant  pas  4  une  contre-pression  connue  avec 
precision,  la  comparaison  calcul  -  experience  est  effectude  en  ajustant  finement  la  contre  pression  tbdorique 
pour  faire  coincider  les  zones  de  ddbutd'interaction. 

Le  maillage  utilise  comport*  180x27  noeuds.  Des  resserrements  locaux  du  maillage  en  z  le  long  de  laparoi 
ainsi  qu'en  x  4  I'abscisse  de  debut  d'interaction  conduisent  dans  cette  zone  a  des  cellules  sensiblement  carrees 
comportant  environ  4  mailles  par  dpaiseeur  de  couche  limit*.  La  comparaison  des  lignes  iso-densiUs  ceJculees 
avec  un  interferogramme  experimental  en  teinte  plate,  figure  1,  montre  le  trds  bon  accord  qualitatif  obtenu, 
bien  que  le  calcul  soit  eff  ectud  avec  le  model*  algdbrique  de  turbulence 

La  figure  2  montre  les  distributions  de  pression  4  1a  paroi  calculdes  avec’  le  moddle  de  turbulence 
algdbrique  et  avec  le  muddle  4  2  equations,  ainsi  qu'en  fiuide  parfait  La  contre-pression  est  ideutique  dans  les 
trois  caiculs  p  =0.655p,,  l'dcart  avec  la  pression  experimental*  pouvant  etre  imputde  aux  effete  des  couches 
limit**  des  parois  tatdrales  On  observe  ('importance  de  la  viscosite  sur  la  position  etaur  I’intensitd  du  choc,  la 
perte  de  pression  d'arret  dans  te  pseudo-fluid*  par  fait  4 1'aplomb  du  choc  dtaat  en  outre  dlituinde  au  niveau  de 
laparoi. 

Le  calcul  avec  moddle  de  turbulence  4  2  equations  integrates  amdliore  la  prediction  de  la  pression  it  de 
1'dpaiaaeur  de  ddplacament,  figures  2  et  3.  L’examen  dea  profits  de  vitesse,  figures  4  et  5,  montre  cependant 
que  cette  amelioration  est  entaehd*  d'uoe  legdrt  surcsttaafion  de  la  tendance  au  ddcolteraent,  et  que  lea 
performances  dea  deux  meddles  restent  gtobakmeot  aimUaires  en  cas  de  deoollemcnt  aaisaaat 

4 1  •  Canal  ttanasonique  dtoymettique 

Cette  configuration,  figure  0,  illuatre  lea  poastbilitea  de  cateut  4  la  tola  pout  lea  denotements  complexes,  sur 
dea  geometries  quetconques  avec  mtsractson*  viaqutuse*  multiples,  et  pour  leu  ddsollements  fomtns 
conduiaaat  4  des  paratsdlres  de  forme  Sieves  ( II,  tv  25)  Lea  conditions  generatrices  el  la  section  du  canal 
font  Benaibtemest  lea  wdtats  qu'en  4.9,  le  dc'coliement  massif  4  I'echille  d«  la  couche  limit*  rdsulto  d'une 
interaction  ends  de  choc  •  couch*  limit*  turbulent*  4  Mach  ex  136  Bile  est  induilt  par  contre-pression  dan* 
un  canal  ttansaonique  dttsytadtriqu*  dost  la  paroi  mtdneure  prdsent*  une  boaae,  la  perot  supdVteutc  e'Unt 
plane.  Le  nombre  de  Reynold*  local  eu  debut  d'interaction  hard  sur  I'dpaisseur  de  la  couche  limits  tnfdrieure 
eat  environ  Rt  at  3  3  siu* 

Le  maillage,  de  300x40  noeuds,  coimant  la  zone  -0010<«<0  4S0m,  compreod  deux  tcssettemcnl  dans 
la  region  du  choc,  figure  6,  arusldt  1'uo  au  pied  du  choc  sur  la  perai  supdritute,  I'autre  au  pied  du  choc  tur  la 
parol  toldrieure.  La*  lignes  iao-deuziW  caJeuldts,  figure  7.  et  iso- Mach,  figure  3,  vnualtsent  I’dcaultmenl.  Le 
moddle  algdbrique  ne  revelsat  conduit*  4  une  tout- estimation  quest- total*  du  ddcoltement  pour  cet 
denotement,  le  vakul  eel  efltctud  avec  le  moddle  4  3  dqueUona,  la  contra- ptasaion  p  —  06S9p,  e'Unt  a) aside 
pour  positiccmer  le  ddbutd'intetacUon  4  la  paroi  taferteurs 

La  figure  .10  compere  4 1'expdnenc*  Its  press  ions  calculdts  sur  Its  pare  b  aupdiieurt*  el  iafdiieures.  Sur  U 
pewl  infdrteute  on  psul  aoler  na  'overshoot''  de  compression  aaormal  avsnt  I*  p4fo*u  de  pression  d»  la  ton* 
ddcotlde.  De*  irooupemeuta  avec  diver*  calcul*  oni  mooted  que  cette  anomalie,  qui  baduit  la  relative  e implicit*' 
d*  (a  moddfisaisoa  4  3  panunduaa  dte  profils  da  vita**  turbulent*  pour  dee  tones  4  re  compression  rapid*,  ns 
cow tiuie  cependant  qu’unt  iwufftsauct  locelisde  du  Cilcut  On  observe  en  partieulier  que  la  selection  du 
moddle  de  turbulence  43  equations,  qui  aoceatue  I'overxhoot  tocaliad,  conduit  au  cofiiraiia  dun*  amdtioraUon 
ayatdraalique  dee  solutions  ainsi  que  des  pteasiow  de  ddcotlemeat 

Lea  ddarte  de  biveaux  de  pression  plateau  4  la  paroi  infdrteute,  de  contre- preaaion.  ainsi  que  de 
pceiUonnemenl  du  choc  a  la  paroi  eupdiieure,  figure  10,  tiaduiseut  sou*  forms  global*  lea  diffdrtnU*  sources 
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d’enreur,  c’est  &  dire  Timperfeetion  de  la  modylisation  turbuiente  du  ealcu),  Tinfluence  parasite  des  couchos 
limites  sur  les  parois  laterales  dans  I’expdrience,  Thypothdse  de  press  ion  uniforms  dans  la  section  de  sortie  du 
calcul,  ainsi  que  I’ajastoment  de  cette  pression  pour  rscaler  le  ddbut  d’interaction  4  la  paroi  inldrieure.  II 
semble  difficile  de  diffdrencier  ces  diffdrents  effete  compte  tenu  de  la  sensibility  d’un  tel  dcoulement 
transsonique  4  touts  perturbation. 

La  figure  9  fournit  la  distribution  de  vitesse  normale  4  la  paroi  inftfrieure  dans  le  pseudo-fluide  parfait, 
calcultfe  4  convergence  du  couplage  fort,  qui  traduit  l’effet  de  ddplacement  gyndralisd.  La  regularity  des  valeurs 
discretes  montre  la  bonne  convergence  du  couplage.  On  note  que  !a  density  des  noeuds  dans  la  zone  de 
compression,  en  amont  du  dycollement,  est  suffbante  pour  rdsoudre  effectivement  [’interaction  choc  -  couche 
limite.  On  note  de  plus  les  valeurs  yievyes  induites  par  le  dycollement  sur  Tangle  d'injection,  ainsi  que  la 
discontinuity  qui  coincide  avec  le  point  anguleux  de  la  paroi. 

Le  caractere  lygdrementsubsonique  plutdt  que  ldgdrement  supersonique  du  plateau  de  pression  s’associe  4 
une  sous-yvaluation  de  I'ypaisseur  de  dyplacement  maximale,  figure  11,  et  du  paramdtre  de  forme  maximal, 
figure  12,  ces  deux  grandeurs  ytant  cependant  similaires  aux  distributions  expyrimentales,  et  bien  prydites  en 
ddbut  d 'interaction . 

La  comparaison  4 1’expyrience  des  profib  de  vitesse  moyenne  le  tong  de  la  paroi  infdrieure  dans  la  zone  de 
dycolbzoent  -  recollement,  figure  13,  montre  qu’en  ddpit  de  ces  imperfections  une  prydiction  d’ensemble  dyj4 
satisfalsante  est  obtenue  ici  pour  ce  type  d’ycoulements  turbulents  complexes,  si  Ton  se  rdfere  4  I'ytat  de  Tart 
mb  en  dvidence  par  la  Conference  Stanford- 1981  pour  des  dcoulements  de  mime  nature. 

La  comparaison  4  Texpdrience  des  profib  de  cbaillement  turbulent  et  d'dnergie  cindtique  turbulente, 
figures  17  et  18,  montre  que  le  calcul  fournit  aussi  une  estimation  ddji  satisfalsante  de  la  turbulence,  compte 
tenu  de  la  complexity  du  problime,  en  ddpit  de  la  simplicity  relative  de  la  moddUsation.  Les  profib  des  figures 
17-18  sont  ddduits  des  dcarts  4  I’dquilibre  calcules  par  { 15),  inddpendante  du  z,  ainsi  que  des  profib  d'dquilibre 
selon  z  associds  4  la  vitesse  moyenne  par  un  modile  de  longueur  de  mileage. 

La  courbe  d' hysteresis  de  la  turbulence  pendant  le  processus  de  decollement  •  recollement,  dans  le 
diagramme  "cbaillement  turbulent  maximal  •  paramitre  de  forme",  figure  H,  confirme  ces  resultsts 
relativement  satbfabants,  bien  que  la  comparison  calcul  •  experience  se  digrade  dans  la  zone  de  recollement 
Enfiu  Tdvolution  en  abscisse  du  maximum  de  cbaillement  turbulent  au  travels  de  la  couche  vbqueuae,  figure 
16,  ainsi  que  du  maximum  d’daergie  cindtique,  figure  15,  confirme  1‘ accord  qualitatif  calcul  -  experience 


de  compression  supersonique 


Cette  configuration,  figure  20,  correspond  aux  expediences  4  tris  grands  n.ombres  de  Reynolds  de  Settles, 
Fitzpatrick,  Dogdonoff  |21}.  Bile  perrnet  de  verifier  T Aptitude  de  la  rodthode  4  calculer  un  ptemier  type 
d’interaction  couche  limite  -  curie  de  choe  supersonique,  ainsi  qu’4  trailer  la  propagation  de  Tmfiutncc 
vbqueuse  vers  Tamont  en  regime  supersonique  elevd. 

Le  aombre  de  Mach  ament  est  M»2.85.  le  diddro  de  la  ramp*  *  «*24\  le  nombre  de  Reynolds  basd  sur 
I’dpaitseur  4  de  la  couche  limite  amont  est  Rtzt  145  *10*  Un  mailings  de  100x50  noeuds,  couvrant  le 
domains  -74  <  t  <  144,  conduit  4  un  pa*  d’etpace  de  I’ordre  de  0.25 4  dans  la  tone  de  debut  d'ititeracUon 
Le  calcul  est  effected  «vec  It  meddle  de  turbulence  4  2  equations. 

La  comparaison  i  Texpdrbnce  de  ta  pression  calculde  4  la  parol,  figure  21,  montre  un  accord  relativement 
satbtaieant  li  eel  cependant  4  no  Ur  que  la  correction  de  “eourbure  >eduite*  (12),  qut  e'talt  ndgltgeablc  en 
traassoniquo,  a  dd  itrt  utilisHfe.  Son  importance  apparait  par  comparaiaou  des  pressions  de  premier  et  de 
second  ordre,  figure  21  Les  tigues  aobam  du  champ  de  pression  de  premier  ordre,  figure  19.  confirm  cut 
Tiupottance  du  gradient  de  pression  normal  (sureeUme  an  1 H  ordre)  au  son  de  la  couche  vuqueuxe.  Le 
dycollement  eet  eafin  vuu*.W  par  lee  ligoee  iso- Mach  eakuWcs,  figure  20 


4 1  •  lldttexton  d’unt  omle  d*  choc  en  supersonique 


L‘»ptltede  de  1*  meifcode  mi  calcul  de  ce  second  type  d’tntetuction  couche  limit*  oade  de  choc 
supersonique  eat  aaslysde  4  Macho  1  92,  j»uf  un  notnbre  de  Reynolds  busy  sur  I’dpsweeur  de  couche  limite 
en  ddbut  d'lnleracuoa  R,  e*  0.7  xio’  CeUe  configuration  »  did  etedide  expdraneaulimeut  &  i'ONEKA,  Le 
iklleur.  Ddlcry  |22) 

Le  cekut  eet  t Electee  pour  us  choc  oblique  de  deflexion  ♦  **8.25*  mdmt  par  un  ditdrc  de  ia  paroi 
supdiieure  d’un  canal  Le  mailing*  utifisd.  de  300x50  noeuds,  fournit  des  mad  Us  de  T  ordre  de  0.254  en  debut 
d’mteiacbon  elprdsente  un  rexwreacat  pifs  de  ['impact  du  choc  mcideal 

Lee  ootubes  bo  bare*  du  champ  de  pression  de  premier  ordre,  figure  22,  moalrent  que  ce  rciterrctnent  est 
utile  pour  captuter  la  rdflexion  du  choc  en  UV  entail  de  detente  inposde  pat  ta  continuity  de  fa  pression  4  ta 
paroi  en  fluids  vuqueux  La  figure  22  montre  quo  (e  calcul  rtstitee  ta  propagation  de  Tinflucnoe  vbquiwu  4 
Tamont  de  Vitapatt,  et  visual  be  an  outre  lee  gradient*  de  pression  norm  aux  important*  au  torn  de  ta  couche 
vtaqueuse  dans  ta  zone  d’intemtion 

II  ast  4  soter  que  cette  configuration,  comae  eetle  de  ta  mope  supersootqut,  ccrreepondent  4  des  couches 
bade#  TsupercriUqucs*  au  sens  de  Crooco,  pour  teequetka  un  cslcul  idsclvant  tea  equations  de  RrartdU  couplets 
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i  leur  frontiers  exttfrieure  (ou  bien  sur  la  surface  de  ddplacement)  serait  en  ddfaut  La  prdsente  methods  de 
calcul  montre,  par  les  lignes  iso-Mach  de  la  figure  23,  que  le  phdnomine  est  qualitativement  ddcrit.  On  y  note 
I’importaat  dpaississement  de  la  rone  subsonique,  en  pointillds.  Le  calcul,  effectud  avec  le  modele  de 
turbulence  algdbrique,  prdvoit  un  ddcollement  moddrd  sous  le  choc.  La  figure  24  compare  enfin  i  I'expdrience 
la  distribution  de  pression  de  second  ordre  4  la  paroi,  ainsi  que  I’dcart  entre  les  pressions  de  premier  et  de 
second  ordre. 

4.»  -  Grilles  d’aubes  supersoniquec 

Le  calcul  est  effectud  sur  un  canal  interaube,  traitd  par  moitid  de  part  et  d’autre  de  l’aube  et  de  la  ligne 
moyenne  du  sillage,  qui  correspond  a  une  coupure  dans  le  pseudo-fluide  parfait.  La  gdomdtrie  de  ce  sillage  est 
ddterminde  par  le  couplage  visqueux  -  non  visqueux,  voir  [14],  apr^s  un  minimum  de  convergence  de  l’eflet 
de  ddplacement.  Elle  est  remise  en  cause  tout*  les  50  a  100  itdrations  de  couplage.  Unc  condition  de  pdriodicitd 
est  appliqude  dans  le  peeudo-fluido  parfait  entre  les  frontidres  supdrieures  et  infdneures,  qui  coincident  par 
translation.  Les  frontidres  amont  et  aval  sont  choisies  paralldles  au  front  de  la  grille. 

La  figure  25  montre  le  typo  de  maillage  utilisd,  a  convergence  du  calcul.  Le  maillage  comporte  400x32 
noeuds,  soit  400x16  pour  chaque  demi-canal  interaube.  Faute  d'une  auto-adaptation  du  maillage,  une 
distribution  uniform  client  dense  en  x  de  200  noeuds  sur  t’aube  a  did  choisie,  la  densitd  en  x  devant  aussi 
rester  dlevde  le  long  du  sillage  dans  le  cas  oil  celui>ci  est  supersonique  et  oil  il  interagit  avec  des  chocs  ou  des 
ddtentea.  Ce  maillage  dense  conduit  sur  l'aube  4  des  mailles  do  0.005  corde  en  x  ot  0.006  corde  en  z.  Ceci  est 
juste  compatible  avec  I’dchelte  de  rdsolution  ndcessaire  aux  phenomdnes  de  ddbut  d' interactions  choc  •  couche 
limite,  a  condition  qu’aucune  a 'ait  un  positionnement  Lop  proche  du  bord  d'attaque. 

Les  calcul*  sont  effectuds  avec  couplage  fort  du  sillage  en  offet  de  ddplacement  et  en  posiLonnement.  Une 
condition  de  retour  au  rdgime  d'interaction  faible  est  imposde  i  I’extremitd  aval  du  sillage  dans  le  cas 
supersonique,  Le  positionnement  correct  du  sillage  est  important  pour  le  controls  des  conditions  d'entropie  le 
long  de  la  coupure,  tides  au  signs  des  vitesses  normales,  elles- menus  fonction  du  positionnement.  Faute  de 
rdsoudre  1‘dchelle  du  rayon  de  courbure  de  bord  d'attaque,  la  couche  limite  est  iuitiee  au  bord  d'attaque  a 
I'inLados  et  4  I'extrados  en  la  supposant  laminaire  et  d'dpsmuur  nulls.  La  transition  lammaire  •  turbulent  est 
ddclcuchde  4  0.5  pourcenl  de  corde,  sans  surdpaisatssenunt 

Le  calcul  des  figures  25,26  est  effectud  pour  une  grille  d'aube  supetsoniquo  d'eneombremeut  axial  L,  de 
pas  1.02L.  avec  un  calage  a  k>6?*,  pour  un  nombre  de  Mach  araontM  e*  1.55.  Le  uombre  de  Reynolds,  base' 
sur  L  et  eur  la  vitesse  du  son  antique,  est  HL  **8  xlO*.  La contre-pressioa  impose*  est  p(<4,  *=»0  30p,  llM„. 

La  figure  25  montre  lea  ligoea  i*>Mach  ealcuides  ainsi  que  It*  lignes  tsobares  ( press  mu  de  premier  ordre). 
L'deoulement  est  totalemeut  supersonique  et  attachd  I)  prdsente  une  interaction  choc  •  couche  limite  qui 
conduit  au  voisinege  du  ddcollemvnt  2  I'tu trades,  Le  positionnement  du  stUage,  caracte'ristique  de  ce  rdgime, 
peut  «tre  observe*.  La  figure  26  montre  enfin  les  distributions  de  nombre  de  Mach  et  de  vitesse  normals  du 
pseudo-fluide  parfait  cakuldca  6  ta  paroi  et  eur  le  etlisgc,  ainsi  que  tea  distributions  d’dparssaur  de  de'placement, 
ds  quaatiW  de  mouvement  et  de  parsmdue  de  forme.  On  peut  y  noter  I'mUracLou  couche  limite  -  ondt  de 
choc,  ainsi  que  revolution  complex#  des  gtutdturs  sur  le  sillage  supersonique. 

Bien  que  seals  quetques  premiers  steals  de  calcul,  impsetallemeai  converges,  aieut  encore  pfi  itre  re  slue's 
pour  dss  configurations  ds  grille*  supersonique*  avec  ddcolleraeat,  la  capatltd  de  la  method#  &  Latter  les 
ccoulement*  ddcollte  en  canal,  ainsi  qua  Its  rdsultait  anWrieur*  obtenussur  tea  tillages  ddcolld*  dss  profits 
d'aUss  [15,17],  garaatimat  en  prmc.pe  la  powibiUld  ds  simultr  par  t*  prdsente  me'thode  it*  scouicmtnts 
de'ooUda  complexes  Lauasoniques  ou  supetsoaiques. 

Le*  prohUmts  nouveaux  pro  pres  aux  gttlks  d'aube*  obstrvs's  dan*  eta  quelquet  turn  prsliminaire* 
aeubfent  lid's  4  la  difficult*  itapose'e  par  IVchelte  Uds  fine  dss  phdaemlnes  de  de'collement  turbulent  toixque 
La  interactions  choc  •  couche  limit#  a#  repptocheot  de  ta  parti*  aaoni  de  l’aube  (  A  <  0.25  t  ea  debut 
d’interaction  ),  schellt  qui  rtndrait  utile  une  technique  d'aato-adspubon  du  malttege  4  la  tone  du  pied  de 
choc,  ainsi  que  la  presence  de  too«quae4>*oniquea  e~Undo**,qui  soul  pe'ualitsuLt  eur  maillage*  Li*  fin*  pour  la 
vittttt  de  convergence  de  I’algotilhme  numdtique  d*  couplage  ecus  1*  forme  acme Ue, 

5  -Ouxluelooe 


La  present*  me'thode  nume'tique  gdndi'ahe*  aux  dcoulemtaui  tnurats  ddcoUd*  avec  mteracbone  choc  * 
couche  limit*  ainsi  qu'aux  grilL*  d'aube*  la  method*  de  calcul  qut  avail  dtd  propo* it  anWrteursmtni  pour  !** 
profile  d'silt*  de'toUe* 

Ce*  rdsuUai*  moaLeut  qu*  L  calcul  de*  dcoulemcnf*  interne*  dc'coUes  par  une  "method*  Indirect** 
d'ieLraction  vitqueux-uoa  visqueux  specifiqutmenl  rood! Lounge  pour  L*  nombre*  d*  Reynold*  «Lvd*  est 
rdaUsabL 

La  prtssau  Slept  iadiqus  fa  vaieur  predictive  US*  ecccurageaat*  d'une  resolution  spptochd*  avec 
moddlLalioa  par  taflhcd*  iaWgrale  pour  le*  fcouLasnL  ddcofide  complexes,  c«Ue  appends*  pouvaai 
pemeure  4  Lrac,  moyeeumtua  pt ogres  sur  lea  technique*  cuae'oqu**  achielks,  d*  con  du  ire  4  unc  method* 
d*  cakul  d*  coat  minimal. 

LVlspe  achtcUe  permtl  aussi  d'tnvisrgtr  sen  extension  vers  une  rtioluLon  IndiiecU*  d’t'quaLoas  de 
Naviar-Stokee  par  ’Formulation  Dehalaite*  at  technique*  aumdtique*  d*  couplage  fort 
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Fig.  11  -  Canal  dissyme'trique  .  M=1.36  . 

Evolution  de  1’e'paisaeur  do  displacement. 


o  Experience 


X.'H 


Fig.  12  -  Canal  dlasyme'triqdo  .  M=1.36  . 

Evolution  du  par  am  litre  de  forme  Incompressible 


Fig,  13  -  Canal  dlssymdtrlque  .  M“l,36 
Profile  de  vltesse  moyenne. 
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Fig.  H  -  Canal  dissyme'triquo  .  M=*1.3fl  . 

Evolution  du  coefficient  do  cisnillcuient  maximal 
en  fouctlon  de  Hi  :  offot  d’hyHtdrosis  sur  la  turbuienco. 


Fig.  15  -  Cana!  dissyme'trlque  .  M=1.36  . 

Evolution  de  I'e'nergie  turbulent*  maximale. 


|  U'V'  max 


Fig.  16  -  Canal  dlssyntc'trique  .  M=1.36  . 

Evolution  du  clsalllomont  turbulent  maximal. 


Fig  17  -  Canal  dlssymdtrlque  .  M>='!.30  . 
Profile  de  elaalllement  turbulent. 
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Fig.  18  -  Canal  dbaymdtrtque  .  M«»1.36  . 
Profils  d'o'aergk  turbulent*. 
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DISCUSSION 


FXeboeuf,  Fr 

1.  Dans  un  canal  interaube,  comportant  une  zone  visqucuse  importante,  ou  peut-on  appliquer  la  relation  de  couplage 
entre  les  fluides  visqueux  et  non-visqueux? 

2.  Comment  adapter  cette  methode  dans  le  cas  dc  canaux  pour  tequel  l’ecoulement  est  totalement  visqueux? 

Author’s  Reply 

1 .  La  dissociation  en  problcmes  visqueux  et  non-visqueux  etant  effectuee  avec  recouvrement  complet  des  deux 
domaines  dc  calcui,  le  couplage  entre  le  pseudo-fluidc  parfait  et  le  fluide  visqueux  reel  suppose  simplement  qu'il 
subsiste  un  noyau  residue!  non-visqueux,  aussi  rcduit  soit-il,  au  centre  du  canal.  La  condition  de  raccordement 
“continu"  (Matching)  iraplique  que  les  deux  Duides  s’identifieni  dans  cette  zone,  au  sein  de  laquelle  peut-etre 
arbitrairement  placce  la  distance  dc  la  paroi  qui  est  notee  schematiquement  z,  dans  le  conditions  de  couplage  fort. 
La  “Formulation  Deficituire"  proposee  rend  la  solution  totalement  independante  du  choix  precis  de  cette  distance 
4  la  paroi,  pourvu  qu’elle  se  situe  dans  le  noyau  nou-visqueux. 

2.  L’extension  de  la  methode  au  regime  de  conduite,  lorsque  l’ecoulement  est  visqueux  dans  sa  totalite,  n‘csl  pas 
cnvisagee  ici.  Les  relations  de  couplage  precedentes  restent  valides.  Bn  revanche,  les  equations  d’Euler  ne  peuvent 
plus  ctre  appliquees  au  pseudo-fluide  parfait.  Bien  qu’il  ne  soil  probablement  pas  impossible  d’etendre  la 
Formulation  Ddficitaire  4  ccs  regimes,  il  n’est  effectivement  pas  certain  que  ccs  regimes  restent  dans  le  doraaine 
d'interet  de  la  prdsente  technique  numerique. 


MrKordulla,  Ge 

Your  results  arc  very  impressive,  therefore  it  is  a  pity  that  for  the  channel  flow  the  agreement  between  predicted  and 
measured  pressure  cannot  be  tuned.  As  far  as  l  know  the  back  pressure  is  prescribed.  Therefore:  why  didn't  you  adjust 
the  bock  pressure  to  the  experimentally  observed  value? 

Author’s  Reply 

In  fact,  it  was  not  possible,  with  the  present  ONERA  experiment,  to  make  un  exact  comparison  between  calculation  and 
experiment  by  adjusting  the  two  back-pressures.  The  experimental  device  Is  a  small  wind  tunnel,  with  a  roughly  square 
section,  where  non-negligible  three-dimensional  effects  are  generated  by  the  boundary  layers  on  the  side-walls, 
especially  in  transonic  separated  flow.  The  experiment  is  also  controlled  by  adjusting  the  geometry  of  a  second-throat 
whose  contour  is  not  exactly  known,  and  which  then  cannot  be  included  In  the  calculation.  The  upper  ami  lower  wall 
pressure  measurements  are  restricted  to  a  zone  upstream  of  the  second  throat,  and  the  pressure  across  the  channel  at 
the  last  measured  station  Is  not  fully  uniform.  The  calculation  domain  has  been  then  continued  farther  downstream  the 
second  throat,  and  it  is  assumed  that  the  back  pressure  is  uniform  across  the  exit  section. 

Due  to  the  sensitivity  of  such  a  transonic  flow  to  minor  changes  on  boundary  conditions,  it  was  believed,  within  the 
present  constraints,  that  the  more  valuable  comparison  with  experiment  was  to  match  the  beginnings  of  Interaction  (i.e. 
shock  locations)  for  the  inner  wall,  where  the  separation  was  studied,  by  adjusting  arbitrarily  the  theoretical  buck- 
pressure.  Of  course,  this  choice  concentrates  the  overall  discrepancies  due  to  Ute  experimental  3I)-lmcrferettecs  and  to 
the  limitations  of  the  calculation  on  the  comparison  obtained  for  the  bock  pressure  and  wall  pressure. 


J-Hourwouiisdls,  Ge 

You  did  not  make  any  approximation  on  the  pressure  field,  like  in  the  classical  boundary  layer  theory  that  the  pressure 
is  constant  across  rite  boundary  layer.  Did  you  calculate  the  pressure  field? 

Author’s  Reply 

We  make  un  approximation  which  is  of  the  first  order  and  is  not  exactly  the  some  as  in  the  boundary  layer  theory, 
because  we  extend  the  inviscld  flow  up  to  the  wall,  In  this  case,  rite  simplest  approximation  is  to  assume  that  the  normal 
pressure  gradient  Is  not  zero  but  is  the  some  as  in  the  inviscld  field.  This  approximation  Is  in  fact  implicitly  made,  as 
soon  os  you  use  integral  methods.  Looking  carefully  at  the  equations,  you  can  sec  that  rite  iiHegral  method  gives  a  higher 
approximation  than  the  finite  difference  equations  of  Pramtlt,  The  difficulty  is  of  course  displaced  to  the  closure 
relations. 


14*1 


CALCUL  TRXDIMENSIONNEL  DANS  LES 

AUBAGES  DE  TURBO-MACHINES  AVEC  NAGEOIRE 

Par 

T. DERR JEN 

Socidte  Nationals  d'Etudo  «t  do  Construction  do  Motours  d'Avlatiun  (SNECMA) 

77550  MOISSY-CRAMAYEl 
FRANCE 


RESUME 


On  prAaontera  lei  uno  resolution  numAriquo  do*  equation*  d*  Euler  a  u  travor*  d'un  aubago 
do  rouo  mobilo  pourvuo  d'uno  nagoolro.  On  oxplicito  la  methodo  par  domainos,  chuiaio  pour 
aa  simplicity  do  mint*  en  oouvre, 

L'analyso  do*  r4sultats  do  caleul*,  A  comparer  avoc  crux  obtonu*  dans  lo*  mAmc*  conditions 
«ur  lo  utAmo  aubago  sans  nagooiro,  poraottra  do  dAgagor  lo*  principals*  tnfluonco*  do  la 
nagoolro  sur  lo  champ  aorodynamiquo . 


INTRODUCTION 


to  progr&N  do*  ordinatours  rondont  aujourd’hui  lo  coflt  d'un  caleul  tr idimonaionnol  do 
fluids  parfait  abordablo.  D'autro  part,  eotlo  modA 1 i sat  ion  o*t  la  promlAro  approcho 
sat lafaiaanto  pour  l‘an«ly*o  do*  offot*  rolatifs  d'uno  nagoolro  non  axisymAtriquo  dan* 
urn*  rouo  do  turbo-machtno , 

Nou*  prA Hont oron*  lei  un  dAvoloppomont  do*  methods*  pnoudo - inwtat ionna l ro*  on  u*ago 
dopui*  longtomp*  h  l'ONERA  (rdf.  1.  2»  J  let  A  la  $NECMA*  Colyi-c*  oat  done  un  exempts 
do  la  repohee  h  un  problems  industrial,  au  moyen  d'uutil*  vali<j£*« 


A.  FORMUtATTON 


I.  Equation*  dan*  lo  repfcro  mobilo 

En  partant  do*  Aquation*  do  la  dynamiquo  do*  ga*  on  rop£r«*  flxo,  ou  I'on  neglige 
lo*  ton* ions  visquouao*  ou  duo*  A  la  gravity,  on  Aerit  t 


(•) 

M 

to 


Jk-  +  «iV»r  (*7)  :0 

It 


avoc 


e  =  Cvt  + 

i 
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La  transformation  dans  un  r<*pdre  r^latif,  entrain^  avec  I'aub©  dans  un  nouvonrnt 
uniforme,  pout  s '  4crirv  : 

(a)  Jtt  +  did  (fW )  *0 

Ob 

(b)  -At-  =  45*.  +  ^  Si*  r* 

a  OU :  “C  aC  COrrl*lt» 

fiaL  +  if SaW  -fllr+p^sO 

it 

<Ufw)  _  yj?^£.  4  2.f^A^T-f -Sb^4.  yZt^aQ 

dt  dt 

S»\V  ««  wWiu'iWsV  (®  ) 

a(^  +  *"vTdWv?  \ifsi  aw  —  4.  iwd  pP 

dt 

a- ,  4(f2}  __  JL  (f »7)  +  \Sj.W  (f  «T) 

dfc  Ot 

feoibj  ( 

0(fw)  ^  (f^5)  +  4r  2-f -5LAW  —  f-S£^  4*  ^  ss  O 

Ot 


dtMrd'  dowc 


dur(u®tf)  s  (d'r  u)7  4  (  ^d^"vT 

— »  — •  -♦ 

dW  ^"5?  f  uj  ~  w)  4.  w  .v w) 

t)(fwl  x  ^ir^’wgyj?  4-^Jf J  —  -fcf  JL  AWt-f  JlN 


L’dquatitw  d<*  1  k$i\*r#ip  (o)  pout  *«*  t »*#»» *urtijrr  nuivani 


f  jAS.  ■  -  dir  ({7)  ;  7  =.  w  A-  U  a  r1 

AAr)J 

°w’  .4.  (ft)  -bfe  - dl\r ^ (\3 4  sL*fi) 

t*  tAiVwi-  d«V  ?7  s.  f  dir  V  4.  V  ?  ,  «d  k'ftr'A’  1 

4.  dir  (fEWj  4. Aitr^'jUJ  s  —  iir(^dlAr) 

*»«  ^(f(6-(Ca?)*')  +  Air(fevt)w  =  ?  3L‘w.r 

Wh  0(fi-y)4.d>^s  O 

St  X  a  ^ 


Co  qui  conduit,  au  syutiad 


M.  4-  &&1  4-  & 9M  -4  Mfcl  s  K(u) 
dt  Ox  OY  0* 
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Cette  formulation  ©at  coll©  qui  sera  effect ivement  di»erdtia6e  On  trouvera  un© 
forme  conservative  dans  ref.  7 


2.  Conditions  aux  limit©* 

a)  Los  conditions  aux  limit©®  wont  las  auivantos  : 

-periodicity  (l  ieul  canal  inter-aub©  ©st  traitd) 

-  glisaement  -  la  vitease  aur  lea  parols  noli Jos  doit  s©  trouver  dans  1©  plan 
tangoaot  sodide.  Cette  condition  a©  rencontre  done  aur  le  moyeu,  1©  carter, 

1  '  int  ©ados  ©t  1’extradoa  d©  1'aube,  ©t  la  nageoire. 

-  conditions  d'al imentat ion  h  I’amont  :  La  proms ion  total©,  la  tempdr&tnre  total© 
©t  la  dir©ctlon  abuolu©  d©  1  ' dcoul ©«©i»t  &  Paaont  aunt  conservdes  pendant  la 
durd©  du  cal cul . 

■*  condition  d©  pression  avalQ  t  La  pression  atatique  an  mo  you  dans  1©  plan  ©»t 
flxd©  -  c©  1 1  ©  -  e  i  sort  done  h  ajustor  1©  vannafl©  tit*  coapresseur.  L©  profit 
radial  d©  pr©salon  atatlqu©  qui  *©ra  imp© *4  ©at  is  sit  dlun  calcul  simp) if  id 
d©  l'equilibr©  radial  {pas  d«  e our bur©  do*  ligne*  de  courant).  C©  cal cul  ©*l 
offeetud  h  ehaqu©  iteration. 

b)  Linns  av©c  1©  calcul  d©  PAcoulemenfc  mdridlen. 

L©  champ  initial,  ©t  par  ronadqurnt  l©s  valeurs  physiques  qul  xeremt  ©enservd©* 
pendant  1©  t«lcul,  proviennent  d‘un  nolcul  ndridien,  nu  1©  s©ul  ©ff©t  d©  blocag© 
©at  dd  &  Paub©. 


U.  PAPmOife  PAH  SOUS-POSAm  i  IMrUflOTAnOS 


La  rds»>iuiinn  mmdrlqu©  ties  dqu«l  ions  par  un©  (©Utility©  different?©  fini© 
pans©  par  Py  labor  at  i on  d‘ur  mail  lag©.  Dans  1©  ru*  qui  non*  prdoccup©, 
Papprorh©  la  plus  s*mpl©  consist©  k  erd©r  2  mailing©*  disjoints  reap!  issxstt 
1©  domain©  d©  cat  cul,  a>*a«t  done  d©s  frontier©*  communes,  tiq  premier  domain© 
©st  const i tod,  ddcrivant  J©  ©anal  Inter- an!)©  du  moyeu  £  Piutmdo*  itng**oire. 

1©  second  allant  de  Pest  ©ado*  nageoir©  au  carter. 

La  resolution  numdUqu©  s*eff©ctu©  suivant  l©s  ©tapes  rider A too  ePaprd*  j 

-  tn  supposant  la  mdiiUoo roamn-  an  temps  r  .  on  applique  1©  rnddm  d'avance- 
*©nl  ©«  temps  «  rhaque  domain©  d©  ©a I cut, 

-  tea  conditions  aux  Unites  proper*  A  ehaqu©  son©  CgHssemeftt.  periodicity, 
amont f  aval)  sent  ©nsuit©  traitdes. 

-  On  ©ffectu©  alors  .1©  couplag©  ait*  frontier©*  communes  des  dew*  domain©*, 

A  1  *  a  111©  des  relations  d©  compatibility  i  A  1*  issue  it©  ©.©it©  phase,  la 
ddt©rmln*ti«n  des  variables  d©  rfllrul  sur  «©*  froniidre*  eat  unique. 

»  Puis  l 'on  applique  la  phase  multigrill©  d ' accd 1 drat ion  do  convergence  4 
chaqu©  domain©  4©  calcul. 
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Cetto  organisation  est  rdsuade  dans  le  diagranuac  ci-dessoua  ; 


Nous  allons  aaintenant  eaplieiter  chatjue  phase. 


C.  KKSOumOH  NUHERtQdf. 


1.  Pas  d 1 avanceaent  en  traps 

Sons  adopt  cm*  iel  It*  claasitpie  sohdaa  tie  Jtow.waat.fc.  tit  type  p****U*t *tu' - 
corrotit  t*ur .  quo  I'on  dtrltt 

T*;  T**4a  t%a r 

U r*  »  ur.AT  ($£  **} 

V  d"K  0*1  d*a  r 

UL***  jLru.%^-AT  +  + 

2.  \  V  0“X  O'Y  0~*  / 


nil  O  *V0  4 vpfctim  df»#  a*ai)t  *•*  av*J. 

Un*  v  4  !*?*>*»  H»  «**l  rtjHui4«*  «»t  mi  ti  **>*£«*  4«  pet 

a  PiMcmP  4p  Mi®  ftdqupiteet 

2,  Corn*  Hi  cm*  au*  U»H«m 

TeutPii  l**  tmndHiwm  nu»  liwittm  front  i raii^t1*  jtr&tte  au»  roUtitm*  4*»  roup** 4- 
bilit*.  te  Irrltmi*  Ireitv&r*  tin r  di»ft«i«*4ptl<Mi  ddiaftitde  4p  l*ur  Jmitlficailoft  p«  do 
lour  utilisation  d*n*  *r#  i*3f4f'4'nce«»  4*  ^  6. 

tfttu.fr  rum*  do  lU’Vnlwpprr  I  a  4**1  «mlr  t>  i-utt()U)t«,  don*  \  'n\  O  i  fr»<  ion  rut 

Ktaplp  pi  liable,  ph  ep  nett*  qu *<*i  )<*  n' itidu.it  p**  4 * ow  i H at  ion*  porsfriio*. 

£«  pffpts  ph  fruppn*mot  Pps4«if*mcP  tip  dou*  v«irti«’t» 

w* « (fT,  or,  «r, -r,  ^rj  4V 

Utt  at  (fjr ,  UM*4 )  UtT4, 

issttes  do  scftdam  rn  unfair  a*  point  P  appartlennrnt  a  dnus.doaeine*  different*, 
iei  (it)  at  (S),  Soit  n  la  noraalr  inlirieurr  «u  dona 1 nr  (U)  au  point  P* 
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i 


(ici  Ul  »  VT  f  W*  d^signwnt  Ji^s  valours  do  la  vitoss*  relative  dans  un  rep&re 
orthcnorud  do  premier  vecteur  5?  ). 


Si  “ 
Si  u 

1  Lt6. 

est  auprrsonique ,  c‘rst  1 
rat  subsoniquo,  v>0  * 

e  domain*  amont  qui  impost*  son 
nous  diaposons  do  5  relations 

(41 

-f  A«*  +  \  ~ 

-  vr*^  = 

to 

-  ur**"  = 

to 

-a1  f*'^fc  +.  vM4‘  a 

-  O  fs  +  v* 

to 

_f«*(-i,r)vVr 

assoc i or s  respect  i vemerit  aus  valours  proprea  ^ It  **4^®4i!'/ 
du  system*  liniaids^  (rdf  4*  ),  la  premiere  I'etant  dans 
quatro  suivanttf*  dan  a  le  domain**  (S).  In  ny«t^mn  Httdairt* 
ainant  non  nul  ,  done  un<-  solution  unique*,  valour  qui  eat 


1  n  dona  i  no  (  H )  ,  I  f.i 
d’ordro  y  a  un  d^t or¬ 
ator*  impose*  au  point 


P. 


Sotons  quo  cette  technique  pormet.  egal^mont  do  traitor  lo  ea*  do*  fount  i^roa 
pdriodiquu#* 


5,  Acceleration  do  la  convergence 

l!no  phase  aultigrille,  devoloppdo  A  part|p  des  tfd«4uh  t*  bid imofts H‘un«*l  do 
VouiUu*  p4  Cuuaitler  A  POfctJlA,  t-t  «ur  la  feroutat  ion  d^  itt'&  IAanI  (rdf.  H; 

a  dtd  4«|)i«iPtdu  dan*  t*s*  ffcde-t  t^idioen*  iomvel*  on  usage  A  la  $NfC^IA. 
la  i»oulo  ountrainto  oat  Un  disposer  d'uu  H4MU{{h  ayant  dan*  ehaqu*  dir«*-tidn 
un  mmbre  do  point*  ogat  h  dl  *  H  etant  to  s£*o  dan*  cheque  di r« e*  lee . 

t«a  gain*  on  t-ompp  c»fln  *ont  «**  mayownc  do  5$  %  aver  3  grill**  d‘ aceeierat  ion  . 
t>  fa*blo  •‘tfsoltat  ,  (k  *■  np.arov  au  ?d  £  t*>  plug  eh*  on**  ou  S  iditt*  a* i none  l  p‘t**pllquo 
par  t 

*  t.e  **alr*‘l  A  !c4r»iiuft  nuUigrllle  do*  ctsef  f  *  •,  loot  a  d  *  Igt  or-poi  at  |w» ,  dea 

vislumoo  do*  cellule*  p\  do*  surfaces  dot*  maille*,  cecJ.  aflu  d*£c.ttt»e*i.{sc'r  do  la 
place  inSmniro, 

*  du  faiblo  lowbro  do  grilles  d  ‘  aeedt£eat  lq«  (2l  on  raise*  »lu  «<u*bro  do  do 

•ailing*  iamiMU) 


&.  gKfcasmtigx  igr  Amtm.Pfca  stm/im  osnsgs 

S"«*  prd*pnt «ft*  dan*  lo*  planch**  \  a  9  lo*  result  at*  do  ealr'ul  ebteftus 
a*or  lo  cfcde  *nagoniro*  A  ewiparor  a*ee  lo*  *p*«s  r^sultats  r»b* onus  avot  un® 
?nr***lat  left  oi  uno  resolution  i***£r*»fw?  idmllque*  nmir  la  sub* ,  ddpmtr- 

voe  do  feageolre.  On  ntn^fp  4unr  l*«*?fe*  rolatlT  do  la  our  do*  para 

•otro*  glnbaua  (rondo*®«t,  do  comproaoitni .  .  )  m*  lucaun  trejiart  IMuna  d® 

HacH,  do  proaainn . . *  1 

Si  t 1  lr»f  tvofte*  Int-ai^  do  la  nagoqiro  e*t  doldonto  fig  j.  ot.  sm*  rffot  global 

mo  I'M  pan  MMiMit 

On  attribuora  l^origin*  do  eolui-ti  -  Malgrd  la  ro  1  ai i » **pnt  faible  ptri^p 
do  la  nagoulro  »*  A  la  ^nrto  diai^mion  dot*  ligno*  do  coufani.  C«*a  dorMier^a 
*iubi**ont  fti  offot  I'influonco  do  la  dlMtdroion  do  la  ^appo  do  choc  - 
attache* ,  oAte  ontradoa,  aw  hard  do  f\»ilo  do  la  nageoire< 

Coel  Ao  t  radii  it  par  uno  MlficiUon  do  la  deviation  dan*  la  partie  aupdriouro 
do  1‘aub#  et  au  voiMlnago  do  la  nagoniro. 

^r  conadquout,  la  loi  do  travail  do*  cnupoA  oat  profundemont  aff®ct*5o*  fcp 
particu)  lor,  loa  coup# a  do  t£to«  plua  vaaodoa,  un  aaoillour  roodo«ortt. 


CONCLUSION 


L'oaploi  d'un  code  tr idi nonii onne I  pcr»et  de  mesurer  I'efFct  reletif  d'un* 
nageoiro  aur  I  '  t$cou  I  eaent  dana  un  canal  inter-aube. 

La  SNECMA  utilise  done  syatdmat i quefttent  cet  out i I  dona  le  d«ve I  opponent  dea 
aubea  de  aoufflante  muni  os  do  nogeoirea  car  il  pernet  une  bonne  optin»*«t*on 
a^rodynani quo  dc  la  yeo«6tri©  complete  de  I 'aube* 
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DISCUSSION 


JJXDenton,  UK 

I  think  that  you  said  that  you  obtained  35%  sating  in  computer  time  by  using  2  levels  of  multigrid.  I  would  have 
expected  a  much  greater  saving  to  about  1  /3  of  the  original  time,  is  that  what  you  meant  to  say? 

Repoose  d’ Auteur 

Le  rapport  de  35%  est  bien  un  gain  en  CPU;  ces  relativement  modestes  performances  peuvent  enlre  autre  s’exptiquer 
par 

—  le  calctii  i  chaquc  iteration,  (comptabilise  dans  ces  estimations  dans  la  phase  multigrid),  des  surfaces  (il  y  en  a  6)  et 
des  volumes  dc  chaque  “cube"  elementaire. 

—  La  taille  relativement  elevee  des  mailles,  penalise  (’evacuation  des  instationnarites  a  grande  longueur  dondc. 

—  peut-ctre  enfin  par  la  complexite  geometrique  des  cas  trades. 

RSto  ?,  Switzerland 

How  did  you  prescribe  the  downstream  boundary  conditions  for  your  two  cases 

—  on  the  basis  of  a  meridional  flow  (S2)  computation? 

—  were  they  identical  for  both  cases  computed? 

—  wax  there  a  blockage  factor  considered  for  boundary-  layer  effects? 

R^poase  d' Auteur 

—  Us  conditions  de  prexsion  avale,  ttinsi  que  I'inilialisaliou  vtennent  dun  caictd  tiuSridica  ne  ptettani  en  compte  quc 
le  blocage  dc  I’aube.  Nous  n’avons  pour  ce  cas  introduit  aucune  |«rte  par  frottemem. 

—  Neatunoins,  au  cours  du  ealcui,  scale  la  prexsion  “avale-moyeu"  est  Bxde.  Un  calcstl  simplify!  d'equilibre  radial 
(dp  •»  V-7K  dH)  perntet  d’obteiur  la  repartition  avale  el  radkle  de  la  pressioa  wadque. 

—  dans  tes  deux  cas.  le  champ*  wdridien  etait  le  m&ue  (avec  ou  sans  nageoiie). 
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A  QUASI  THREE  DIMENSIONAL  METHOD  FOR  THE  CALCULATION 
OF  TRANSONIC  PLOWS  IN  TURBOMACHINES 


HH 
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Pfaf fenwaldring  6 
D-700Q  Stuttgart  80 


A  procedure  based  on  the  iterative  coupling  pf  flow  calculations  on  Si  blade-to-blade  stream 
surfaces  and  a  flow  calculation  on  an  S2  hubrto-tlp  stream  surface  is  described.  The  solu¬ 
tions  on  SI  surfaces  of  revolution  are  obtained  by  a  time  marching  method  In  finite  volume 
form,  whereas  a  finite  difference  method  is  used  for  the  S2  calculation.  The  finite  diffe¬ 
rence  method  uses  a  stream  function  formulation  based  on  a  passage  averaging  technique  in 
order  to  account  for  non-axlsymmetric  flows,  especially  with  shocks  inside  a  blade  row. 
Sample  calculations  of  a  single-stage  and  a  two-stage  compressor  are  presented  and  compared 
with  measurements. 


b  geometrical  displacement  factor 

Cp  specific  heat  capacity  at 

constant  pressure 

e  energy  variable 

£r 

gs  '  unit  vectors 
Sa 

g  aSsanCva  i».,x 

ht  total  enthalpy 

J  rothalpy 

a  meridional  coordinate 

Ha  Mach  number 

P  pressure 

0  heat  per  unit  volume 

r  radial  coordinate 

tt  gas  constant 

t)e  right  hand  side  energy  equation 

Rq  right  hand  side 

(•omentum  flux  equation 

hg  right  hand  side 

angular  momentum  equation 

xv  right  hand  side 

etres»  function  equation 

w  relative  velocity 


wr  radial  velocity  component 

v#  circumferential  velocity  component 

vs  axial  velocity  component 

s  axial  coordinate 

is  relative  flow  angle 

9  angular  momentum 

it  shear  stress  tensor 

p  density 

•  coordinate  In  circumferential 

direction 

I  dissipation 

¥  stream  function 

v  rotational  speed 

i  Nab  la  operator 

subscriptsi 
abs  absolute 

ret  relative 

o  arbitrary  reference  conditions 

t.s.l  radial,  circumferential, 

axial  direction 


Introduction 

Due  to  their  high  power  concentration  and  pressure  ratios,  transonic  compressors  are  wide¬ 
ly  used  in  modern  gas  turbines.  The  development  of  new  components  for  gas  turbines  taker 
advantage  of  the  rapidly  growing  ability  to  predict  the  flow  through  tutbomaohines  by  means 
of  numerical  calculations. 

Slfi-e  the  three  dimensional,  unsteady  and  vtsecus  flow  through  turfecwachines  cannot  be  ana¬ 
lysed  in  this  generality  with  the  numerical  methods  available,  simplified  flow  models  are 
the  basis  of  «U  calculation  procedures,  The  majority  of  these  numerical  methods  is  re¬ 
stricted  to  two  dimensional  flow  models,  assuming  steady  flew  conditions,  hilly  three  di¬ 
mensions!  methods  have  been  developed,  but  their  applies*!*::  limited  to  isolated  btad* 

rows  or  single  stages  at  best  til.  In  order  to  reduce  the  requited  computer  storage  and 
calculation  time,  the  flow  is  normally  calculated  either  on  sn  $2  hub-to-tip  stream  sur¬ 
face  or  on  an  si  blade-to-blade  stream  surface.  Some  authors  combine  tht  computations  on 
the  SI  and  S2  stress  surfaces  itetatively  in  order  to  calculate  the  influence  of  the  ble- 
dihgs  more  accurately,  using  a  so  cslitd  quasi  three  dimensional  method  fit,  /!!. 


Many  of  these  methods  are  not  suited  to  calculate  flows  with  Mach  numbers  close  to  unity 
because  or  singularities  in  the  equations  used,  or  are  a  priori  restricted  to  subsonic  or 
supersonic  flows  /</,  /5/. 

This  paper  deals  with  a  quasi  three  dimensional  calculation  procedure  which  has  evolved 
out  of  a  calculation  method  for  the  flow  on  an  S2  stream  surface,  assuming  axisyrametrlc 
flow.  A  modified  version  of  this  method  has  been  coupled  with  a  time  marching  method  for 
blade-to-blade  calculations  in  order  to  make  it  applicable  to  transonic  flows  in  turbo- 
machines. 


Flow  Model 

All  SI  and  S2  stream  surface  calculations  are  based  upon  a  theory  developed  by  Wu  /6/  which 
describes  the  steady,  three  dimensional  flow  through  a  blade  row  using  solutions  of  itera¬ 
tively  coupled  SI  and  S2  stream  surface  calculations  as  shown  in  fig.  1.  However,  this 
theory  is  restricted  to  an  isolated  blade  row.  Owing  to  the  relative  rotation  of  two  adja¬ 
cent  blade  rows  in  a  compressor  or  turbine  stage,  the  S2  stream  surfaces  of  the  first  blade 
row  cannot  be  linked  with  the  S2  stream  surfaces  of  the  second  blade  row,  when  steady  flow 
conditions  are  assumed. 

In  order  to  calculate  the  flow  through  multistage  turbomaehinos,  a  single  S2  stream  sur¬ 
face  per  blade  row  is  used  in  the  approach  described  here.  Figure  2  shows  this  single  S2a 
stream  surface  together  with  the  SI  stream  surfaces  which  are  defined  by  rotating  the 
streamlines  in  the  meridional  plane  around  the  machine  axis.  The  *.!•..*. pt  of  the  S2  stream 
surface  can  be  obtained  by  averaging  the  flow  variables  on  th  •  '1  turtacts  in  circumferen¬ 
tial  direction,  as  will  be  described  more  detailed  in  one  of  the  following  chapters.  In 
the  iterative  process  of  si  and  S2  calculations,  the  stream  surface  shapes  are  allowed  to 
change.  The  calculation  stops  when  the  changes  have  fallen  below  a  prescribed  value.  This 
flow  model  Is  called  a  quasi  three  dimensional  flow  model  in  this  paper.  The  S2  stream  sur¬ 
face  is  prescribed  for  the  hub-ta-tip  calculation  only  in  the  blade  row  regions,  whereas 
in  the  bladetess  annular  duct  regions  an  additional  equation  for  the  angular  momentum  is 
solved. 


«S&ilS^4£.  j&U&UU£fi  ftSSS&US 

This  part  of  the  quasi  three  dimensional  system  has  We  origin  in  a  through  flow  method 
assuming  ax t symmetric  flow  /$/.  / T / .  The  basic  equation  is  a  modification  of  Ws  equation. 
Similar  equations  are  derived  for  rotor,  stator  and  bladeiess  annular  duet  regions.  a»  is 
usual  in  turbomachinery  flow  calculation,  the  stream  function  »,  the  total  enthalpy  tit  and 
the  entropy  s  are  used  as  mam  computational  variables.  The  density  is  calculated  out  of 
the  density-mass  flow  relation  (see  fig.  )!  with  the  help  of  a  Hewton-hapheon  iteration. 

Thie  original  eateuiauen  procedure  is  applicable  so  purely  subsonic  or  purely  supersonic 
flows,  transonic  flows  eanfttif  be  treated  because  of  the  ambiguity  itt  the  -tenuity  -  mass 
flew  relation.  The  method  lacks  of  an  adequate  criterion  for  the  (e-cation  of  the  sonic  line 
where  the  density  calculation  has  so  twitch  fru*  the  eubaomc  branch  m  fig.  !  to  the  su* 
persenie  branch  or  vice  versa.  Another  difficulty  uf  .the  basic  method  is  the  representation 
of  shocks  inside  the  blade  rev*  aa  shewn  in  fig.  t,  tt  is  obvious  that  these  shocks  cannot 
be  represented  adequately  by  an  ax i symmetric  flew  -'‘del  neglecting  variations  the  flow 
variables  In  circumferential  direction. 

Several  mud  if  scat  ions  have  Steen  sade  m  order  to  rsrosvo  these  deficiencies  «f  the  original 
method,  variations  of  the  flew  variables  in  circumferential  dtreeUeh  can  l>e  taken  into 
account  by  integrating  the  fundamental  equations  for  three  dimensional  flows  in  circumfe- 
tential  direction  as  proposed  by  several  authors  /If,  /If.  in  order  to  develop  es reumferen- 
ttaily  integrated  equations,  the  following  averaged  value  of  an  arbitrary  flew  variable  la 
introduced! 


tnrech  and  ha rice  /)/  propose  to  introduce  a  second,  mass  averaged  variable 


*JU.s) 


ulr,*,t)  ^(r.g.sl 


Thu*,  flow  variables  can  bo  separated  into  cirvunferent tally  averaged  Value*  and  fluctua¬ 
tion  terms  similar  to  the  ttoatmtit  of  variables  «u  turbulent  flows.  This  approach  is  espe¬ 
cially  helpful  in  shock  legible  as  depicted  in  fig.  <  or  in  turbine  blade  legions  with  a 
seme  line.  Hegatding  an  idealised  one  oisensiirtvai  f >«w  on  an  Si  stream  surface  with  a  nor¬ 
mal  shock  (see  fig.  SI  and  assuming  parallel  streamline*  in  the  meridional  piano,  an  ave¬ 
rage  Mach  number  can  be  defined  which  stay  decrease  rents nuaosly  in  the  Shock  region  as 
shown  in  fig.  6.  The  curve  cresses  the  critical  value,  although  the  average  cuts  fSu*  cor- 


responding  to  the  Mach  number  distribution  does  not  reach  the  critical  value.  In  the  ori¬ 
ginal  axisymmetric  approach  the  critical  Mach  number  corresponds  to  a  critical  mass  flux, 
thus  leading  to  inaccurate  results  in  regions  with  shocks  or  sonic  lines. 

As  is  described  by  Hirsch  and  Warzee,  the  range  of  the  averaging  region  extends  from  the 
suction  side  of  one  blade  to  the  pressure  siae  of  the  adjacent  blade.  The  foi lowing  cir¬ 
cumferential  ly  Integrated  equations  can  bo  derived  by  applying  the  averaging  procedure  of 
Hirsch  and  Warzee  to  the  fundamental  equations  and  switching  from  integral  to  differential 
notation! 

-  continuity  equation  v(brpw)  ■  0  !3> 

-  equation  of  motion  (w«V)w  +  2u«w  *  !.«(w»r)  +  1  ?p  -  1  ytj  +  _!_  7(bow'w')  »  0  <4> 

5  e  bro 

-  energy  equation  w*vj  »  -  i  g  ♦  i  j  <  i  u*V[!  -  —•  V(boj‘w’!  ,  (S) 

poo"  bo 

The  pressure  gradient  in  the  equation  of  motion  is  normally  replaced  by  an  entropy  gradient 
and  an  enthalpy  gradient,  if  a  stream  function  formulation  of  the  equations  is  used.  In 
the  method  described  Kora,  the  momentum  flux  variable 

g  *  pwi  *  p  (6! 

is  used  instead  of  the  entropy  as  a  main  computational  variable.  It  la  better  suited  for 
the  description  of  flows  with  shocks  and  allows  to  compute  the  density  ojt  of  the  main  va¬ 
riables  by  solving  a  staple  quadratic  eq.,ation  instead  of  the  iterative  procedure.  The 
stream  function  equation  can  now  be  developed,  using  the  following  definition  equation 

Vt  »  -brjs>r  ey  •  brSwa  o„  il) 

and  projecting  the  equation  of  *»tj.»ia  into  a  direction  Jl  orthogonal  to  tbs  averaged  velo¬ 
city  vgetgi  as  Shown  m  fig,  1.  The  transport  equation  for  the  isueeotiia  flux  may  be  deri¬ 
ved  by  projecting  the  equation,  of  motion  into  the  direction  t>;  the  velocity  vector  js,  The 
angular  momentum  equation  10  derived  by  »  projection  into  the  circumferential  diruttion. 

The  averaging  procedure  Is  *t*«  valid  l,\  the  bladeleSs  duet  If  the  integration  is  Carried 
aut  over  the  whole  vitw«ferenve.  Thus,  the  following  eet  of  equaU'cnis  .van  be  established! 


M-e.t’i  S—  a  ti.f} 

if.’  t!i‘ 


t  * 


tfi 


The  vverdlnateB  i  and  k  art  streamline  oriented  svtrbfdl »g  to  fig.  *,  this  **« 

of  equations  is  valid  for  m«,  at. star  and  biadeiess  annular  duet  reglnS*.  In  e»<h  uf  \T,p 
three  regions  the  variables  lyive  to  he  used  in  aovtifdanee  with  table  1.  St  the  l-l  wdg  ices 
annular  duct  regions,  the  angular  *ns«ntw.»  •equation  ha*  the  fuiet 


mr 


A  Complete  description  *jf  the  entire  (setiusd  cun  t«r  feund  S»  /t-f . 


Tipix  l 


numerical  Approximation 


The  equations  are  diucretized  with  a  finite  difference  approximation  of  the  derivatives. 

A  nonorthogonal,  contour  adapted  grid  is  used  in  the  meridional  plane,  nee  fiq.  8.  in  or¬ 
der  to  keep  the  discretisation  schemes  simple*  this  grid  rs  transformed  to  an  orthogonal 
equidistant  grid  shown  m  fig.  9 


The  algebraic  system  of  equal  ions  for  th*  unknown  stream  function  valu.is  at  the  grid  points 
in  one  row  j=const.  Is  solved  by  a  successive  line  overrolaxutic n  method.  In  order  to  en¬ 
sure  stability,  centered  discretisation  schemes  are  used  the  subsonic  regime,  whereas 
one  sided  discretisation  schemes  following  the  approximations  of  Murium  and  Cole  / 9/  are 
applied  in  M.e  supersonic  regime.  The  transport  equations  are  solved  with  in  explicit  me¬ 
thod  based  on  centered  discretisation  scheme:*. 


Assuming  meridional  Mach' numbers  below  unity,  the  strean  function  distribution  has  to  be 
prescribed  at  every  boundary  of  the  cocou.  atior.ai  uomain,  see  fig.  8.  Normally  the  compu¬ 
tational  domain  is  chosgn  in  a  way  that  allows  the  assumption  of  uni.’ or.'  parallel  flow  a' 
the  >wle»  beondwy.  The.  hub  And  tip  Boundaries  are  treated  as  streamlines.  At  the  exit 
boundary,  the  stream  function  distribution  is  not  known  a  priori.  Therefore  it  is  assumed 
to  be  equal  to  the  distribution  calculated  at  the  rnv  of  grid  point."  next  to  the  exit. 
Although  a  partial  different iaj  approximation  la  us -J  f<v  the  solution  of  the  transport 
equations,  they  ate  ordinary  di  t  c'eyem  rat  aquations-  The  initial  values  for  their  integra¬ 
tion  are  taken  from  the  Jnlet  boundoty. 
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fitrel  “  cp  (i  ~  V  +  \  “rel2  + 
Here,  the  quadratic  equation  has  the  form 

A£a  -  rr  +  ft  =  0 


2  0 


(21) 

(22) 


In  this  case  A,  £,  and  r  are  defined  in  a  similar  way  as  in  the  annular  duct  region,  but 
with  tha  relative  variables  for  total  enthalpy,  momentum  flux  and  velocity.  The  additional 
variable  SI  may  be  defined  with  the  help  of  the  v.elocity  component  in  circumferential  di¬ 
rection  calculated  on  the  SI  stream  surfaces: 


ft  = 


(1- 


1  + 


R  T 


(1+ 

cp  To 


(23) 


Again,  this  quadratic  equation  has  a  solution  for  £  corresponding  to  meridional  Mach  num¬ 
bers  below  unity  and  another  solution  corresponding  to  meridional  Mach  numbers  above  unity 
In  order  to  avoid  any  ambiguity,  the  application  of  the  method  is  restricted  to  flows  with 
meridional  Mach  numbers  below  unity.  This  restriction  seems  to  be  reasonable  because  most 
of  toaay'.s  transonic  turbomachines  are  operated  in  this  regime. 


Blade-to-Blade  Calculation  Procedure 


Time  marching  methods  solving  the  unsteady  Euler  equations  are  widely  in  use  for  blade-to- 
blade  calculations.  Their  advantages  are  the  shock  capturing  capabilities  and  the  hyper¬ 
bolic  character  of  the  unsteady  Euler  equations  in  both  the  subsonic  and  the  supersonic 
regime,  thus  allowing  the  application  of  a  single  numerical  solution  procedure. 

Using  the  equations  for  three  dimensional  flows  as  a  starting  point  for  the  development  of 
flow  equations  on  SI  stream  surfaces,  a  local  coordinate  system  tangential  to  the  SI  stream 
surface  is  introduced,  see  fig.  11.  The  SI  surface  Is  regarded  as  the  center  surface  of  a 
thin  stream  sheet.  With  the  following  assumptions,  the  number  of  independent  variables  in 
the  equations  is  reduced  from  three  to  two,  namely  the  m  and  r$  directions: 


-  no  velocity  component  normal  to  the  stream  surface  is  admitted 

-  the  momentum  equation  in  the  normal  direction  is  not  taken  into  account 

-  derivatives  of  the  flow  variables  normal  to  the  stream  surface  are  neglected 


The  resulting  system  of  equations  can  be  written  as  follows 


/  —  dv  +  j5  (F  em  +  G  e^)  *dA 
V  st  A 

the  vectors  having  the  following  components 


+  /  II  dV  +  P  w  0 
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(25) 


Vector  P  stands  for  the  forco  exerted  on  the  flow  in  meridional  direction  as  a  rorvlt  of 
stream  sheet  thickness  variations,  A  Is  the  surface  of  a  volume  element  without  tht  upper 
and  lower  cover  surfaces  of  the  s  ream  shoot.  The  energy  equation  te  roplacod  by  the  as¬ 
sumption  of  constant  rothalpy  in  the  rotating  coordinate  system  or  constant  total  enthalpy 
in  the  fixed  coordinate  system  respectively.  For  the  solution  of  tho  equation#  a  finite 
volume  method  proposed  hy  hehthaus  / 10/  has  been  adopted. 


I  to  rat  l»e  Cuupiliq  of  Hub-t.o-Tlp  And  Ulade-to-Blade  Calculation  j 

Having  defied  tho  total  mass  flow,  tho  values  of  tho  flow  variables  at  the  Inlet,  the 
rotational  speed  and  tho  maohine  geometry,  tho  quasi  three  dimensions!  calculation  begins 
with  a  calculation  on  an  62m  stream  surface.  For  this  Initial  calculation,  the  distribu¬ 
tions  of  the  angular  momentum  and  tho  shape  of  tho  stream  surfaces  in  the  blade  region  have 
to  bo  estimated,  whne  the  fluctuation  terms  may  be  neglected. 

Now  tha  boundary  conditions  for  the  blade-ro-blaue  calculations,  the  stream  sheet  thick¬ 
ness  distribution  and  the  streamline  ohar  ’  in  the  meridional  plane  can  ba  determined.  The 
blade-to-blado  calculations  furnish  tho  .  -guiar  momentum,  the  82  stream  surface  geometry, 
and  the  fluctuation  terms  for  the  next  huo-to-tip  calculation.  These  eyelet  of  elternatlng 
S2m  and  si  calculations  are  repeated  until  changes  of  the  flow  variable  valuta  remain  be¬ 
low  a  proscribed  level.  Typically  throe  to  four  cycle*  are  carried  out. 


Hub- to-Tip  S tream  Surface  Generation 


Different  approaches  for  the  S2mstream  surface  generation  can  be  found  in  the  literature. 
Often  the  stream  surface  is  defined  as  the  surface  dividing  the  mass  flow  between  two  ad¬ 
jacent  blades  into  two  equal  parts  /II /.  In  the  present  method  .'.nother  approach  is  used. 
The  average  flow  direction  can  be  defined  with  the  averaged  velocity  components  wm  and  w^, . 
This  flow  angle  distribution  can  be  integrated  on  several  31  stream  surfaces.  In  order  to 
form  the  S2m  stream  surfaces,  these  lines  have  to  be  stacked  in  the  radial  direction,  as 
is  illustrated  in  fig.  12.  Here,  the  line  connecting  the  centers  of  gravity  of  the  profile 
areas  is  taken  as  a  reference  line  for  the  radial  stack. 


Resul ts 

The  method  has  been  applied  to  a  single-stage  transonic  compressor  shown  in  fig.  13.  This 
compressor  is  designe'  for  a  total  pressure  ratio  of  1.51  at  a  rotor  tip  speed  cf  350  m/s 
and  a  rotor  inlet  Kach  number  at  the  tip  of  1.1.  Calculations  have  been  made  with  a  mass 
flow  of  14.7  kg/s  at  ICO  *  spaed.  Radial  pressure  and  velocity  distributions  have  been 
measured  behind  the  roto-  and  .he  first  stator  by  means  of  radial  traverse  probes  /12 /.  In 
the  meridional  plane  a  comput- tional  grid  with  11  x  81  points  has  been  chosen.  No  heat 
transfer  or  friction  losses  have  been  regarded.  Five  blade -to- blade  calculations  on  diffe¬ 
rent  SI  stream  surfaces  equally  hlv: ling  the  mass  flow  have  been  made  for  the  rotor  and 
the  first  guide  vane,  in  the  region  of  the  second  guide  vane,  an  axisynunetric  approach 
without  anv  blade- to-blade  ca'cula>ion  has  bt-en  applied. 

Figures  14a  and  14b  3how  th  ■  distributions  t;  the  relative  Mach  number  on  the  hub  and  the 
tip  SI  stream  surfaces  respectively.  In  the  -ip  region  a  shock  appears,  extending  from  the 
loading  edge  of  one  biade  to  the  suction  side  of  the  adjacent  blade.  The  distribution  of 
fluctuation  terms  in  the  rotor  tip  region  is  illustrated  in  fig.  15.  In  the  shock  region, 
they  amount  to  almost  4  4  of  the  total  pressure  at  the  inlet,  having  a  second  maximum  near 
the  trailing  ••  'ge. 

The  aceuraci  coupled  calculation  •  ystem  can  be  oxamlncd  by  comparing  the  averaged 

Mach  numbers  ..i'lned  by  the  SI  calculations  with  the  corresponding  Mach  numbers  of  the 
S2m  calculations.  In  fig.  16  this  comparison  Is  made  for  the  S2  flow  model  based  on  the 
averaging  procedure  In  clrcumforontla!  direction,  whereas  an  axlsymmotrle  S2  flow  model  is 
used  In  fig.  17,  where  differences  in  the  results  of  Si  ami  82  calculations  appear.  This 
comparison  shows  that  a  flow  model  based  on  a  passage  averaging  technique  Is  preferable  to 
S2  calculations. 

In  fig.  18  the  calcula  ed  relative  flow  angle  at  the  rotor  exit  is  compared  with  measure¬ 
ments.  increased  discrepancies  are  found  in  the  endwail  region,  where  the  Influence  of  the 
endwail  boundary  layer  has  not  been  taken  Into  aeceunt .  In  the  total  pressure  plot,  fig.  19, 
similar  discrepancies  appear  In  the  endwail  region. 

As  a  second  test  ease,  a  NASA  two-stage  axial  fan  / 1 3 /  with  a  design  total  pressure  ratio 
of  2.8,  a  rotor  tip  speed  of  442  m/a  and  a  rotor  inlet  mach  number  of  1.5  at  the  Up  has 
been  chosen.  A  15  x  91  point  grid  has  been  used  for  the  through  flow  calculations  and  a 
17  x  53  (joint  grid  for  the  biade-to-blade  calculations.  Friction  and  heat  transfer  have 
again  been  neglected,  Five,  blade-to-blade  calculations  on  different  81  surfaces  have  been 
made  for  every  blade  row.  Figure  20  shows  the  streamline  geometry  In  the  meridional  plane. 
The  results  depleted  In  fig.  21  to  fig.  24  show  generally  good  agreement  with  measurements. 

Calculations  were  executed  on  a  Cray  1/M  computer.  A  typical  run  for  a  hob-to-up  calcu¬ 
lation  took  28  s,  whereas  19  e  were  needed  for  a  bUde-to-blade  calculation. 


Cb!K?lu»iqn» 

A  quasi  three  dimensional  system  suited  for  the  calculation  of  transonic  flows  through  tur- 
bomaehlne*  has  been  developed.  A  through  flew  method  based  on  clrcusifer-etitl.il ly  integra¬ 
ted  equations  has  proven  to  he  an  appropriate  means  of  treating  flows  with  deviations  from 
f.xisy#»etry,  especially  in  passage  shook  regions.  Although  restricted  to  flows  without: 
frictional  tosses  «.o  far,  loss  models  based  on  the  welt  known  cc .'■relation*  or  integral 
boundary  layer  methods  "ould  be  adopted  to  predict  the  losses. 
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Flq,  3t  Mass  flux  -  density  relation  Fig.  4;  Typical  shocx  in  a  compressor  blade 
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Fig,  81  Idoailred,  one  dimonsic  .al  f'ov 
on  a  SI  surface  with  a  shocx 


pig,  61  Mach  number  and  fluctuation  terms 
in  the  shock  region 
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Fig*  9:  Equidistant,  orthogonal  grid 
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DISCUSSION 


J.D-Dcnton,  Uk 

Did  you  have  any  loss  model  in  your  method  other  than  the  shock  loss  computed  by  the  Euler  calculation?  If  not.  I  do 
not  think  that  you  can  expect  good  agreement  with  experiment  for  a  single  or  multi-stage  calculation. 

Author’s  Reply 

In  this  early  stage  of  development  we  did  not  use  any  loss  model  This  will  be  done  for  the  calculations  to  come. 


PJUmette,  Fr 

Do  you  plan  to  go  to  an  adaptive  grid  in  order  to  have  a  better  shock  capture? 

Author's  Reply 

We  have  concentrated  mainly  on  the  development  of  the  hub-to-tip  calculation  method.  There  are  no  plans  at  the 
present  stage  to  use  an  adaptive  grid  which  would  increase  the  computation  time  considerably. 


ChUlrsch,  Be 

What  is  the  reason  for  the  upwinding  of  the  stream  function  in  the  S2  calculation  since  your  approach,  which  fixes  the 
relative  tangential  velocity,  is  elliptic  for  subsonic  meridional  Mach  numbers? 

Author’s  Reply 

The  tangential  velocity  is  only  used  for  the  density  calculation.  The  type  of  the  stream  function  equation  changes 
according  to  (he  relative  Mach  number  in  the  rotor/stator  region. 


H-Stoff,  Switzerland 

Did  you  obtain  your  results  on  the  basis  of  any  empirical  pressure  loss  input  or  input  of  endwull  tlockagc?  Are  there 
any  corrections  for  traiting-edge  deviation? !  presume  that  the  term  pw’2  contains  empirical  loss  information  (Fig.6). 

Author’s  Reply 

No  empirical  loss  correlation  or  boundary  layer  blockage  has  been  prescribed.  The  term  pW‘5  can  bo  evaluated  from  the 
blade  to  blade  results,  even  wlten  the  results  are  obtained  with  our  Euler  solver.  See  references  1 2 1  and  1 3 1  for  further 
information. 


FXeboetif,  Fr 

You  take  the  fluctuations  terms  into  consideration  in  your  equations.  Are  tliey  more  important  in  the  momentum  or  in 
the  energy  equation? 

Author’s  Reply 

They  were  not  taken  Into  account  in  (lie  energy  equation.  Tttcy  are  important,  for  the  momentum  equation,  in  the  shock 
region,  amounting  to  4%  of  tint  inlet  total  pressure. 


FXcbocuf,  Fr 

Frof.lllrsch  lias  shown  in  an  earlier  paper,  for  a  subsonic  case,  that  those  terms  were  uot  important  in  the  momentum 
equation.  You  attribute  titeir  importance  to  the  stuck  presence? 

Author's  Reply 

Yes,  aiul  tills  is  because  of  (he  flow  pitch-wise  asymmetry  in  this  region  (see  Figure  4  or  Figure  1 4  of  the  paper). 


FXchocuf.Fr 

Results  from  M.l.T.  show  that  energy  fluctuations  ore  mate  important  thou  momentum  fluctuations.  This  is  in 
contradiction  with  your  results. 

Author's  Reply 

I  did  not  sty  that  I  only  say  that  1  did  not  take  them  into  account.  I  surely  wiU  have  to  do  it  in  the  future. 
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Thia  paper  describee  a  finite  volume  Bulrr  eolvar  which  hae  bean  applied  to  the  calculation  of  the  three- 
duKiiaional  transonic  flow  field  through  straight  cascades.  Tha  numerical  algorithm,  based  on  Jameson's, 
approach,  uses  a  centered  space  discretisation,  with  explicit  adaptive  dissipation  terms,  and  a  threep&tsge 
Runge-Kutta  method  for  the  time  lntegrationt  the  convergence  to  the  steady  state  solution  may  be  enhanced 
by  using  local  time  step,  residual  smoothing,  and  enthalpy  damping.  Tha  calculations  were  performed  in  e 
O-type  grid,  obtained  by  means  of  a  constructive  approach  which  guarantees  good  properties  of  smoothness, 
orthogonality,  and  resolution  near  the  body.  Tha  computational  code  has  been  applied  to  two  turbine  blade 
cascades  in  transonic  regime  tested  at  von  Kerman  Institute.  Three-dimensional  effects  were  introduced  by 
imposing  an  inlet  velocity  profile  normal  to  the  endwall.  The  computational  results  show  good  agreement 
with  the  blades  pressure  experimental  data  and  tha  cuds  performed  well  in  the  prediction  and  development 
of  the  secondary  flow  vortices. 


introduction 

Tha  understanding  and  the  prediction  of  the  flow  field  within  blade  passages  is  a  major  problem  In  turbo- 
machinery  design.  In  the  general  case  the  flow  is  unsteady,  turbulent  and  can  be  affected  by  relevant  three- 
dimensional  effaetsi  moreover  the  flow  is  often  transonic.  Facing  these  problems,  turbomachinery  designers 
introduce  various  degrees  of  epproxlmstion  in  thalr  entiysie.  In  almost  sll  cssas  the  flow  is  considered 
two-dlmentloneli  the  Influence  of  the  vlscoelty  le  neglected  et  ell  or  la  taken  into  account  with  different 
level*  of  complexity,  ringing  from  a  boundary  layer  type  formulation,  in  week  or  strong  intaractlon  with 
tha  inviacid  flow,  to  the  compreselbia  Kavier-Stokea  formulation  with  soma  kind  of  turbulence  modelUatlon. 

Only  recently  numerical .methods  capabls  to  solve  the  coaplete  Navler-Stokae  equations  for  thrae- 
dimsnslonal  turbulent  flows  have  began  to  appear,  (1-5].  This  is  due  both  to  the  development  of  robust, 
reliable,  accurate  end  fist  numerical  algorithes,  e.g.  the  works  of  Me  Coneaok,  Beam  end  Venting,  Jameson, 
Roe,  Van  Leer,  and  to  dramatic  improvement  in  computers  performance.  In  the  way  of  three-dimensional  viscous 
calculations,  the  development  of  an  Cuisr  cods  can  be  considered  an  asssntisl  prelieinary  step  to  aeaaae 
the  properties  of  accuracy  and  robuatnata  of  tha  numerical  algorithm.  Moreover  the  shock  capturing 
capability,  tha  influents  of  tha  computational  grid  and  the  boundary  conditions  on  the  nuaarieal  results 
can  be  more  easily  analysed.  Notice  that  the  computational  results  of  an  Invlacid  coda  can  also  give  tellable 
prediction*  nf  blade  pressure  distribution,  at  least  for  aocelarating  flows  in  turbine  blades. 

The  Idler  code  developed  here  Is  baaed  on  the  explicit  multi-stage  Xunge-Kutta  algorithm  Introduced  by 
Jameson  et  el.  (Sj,  end  widely  te*ted  In  a  number  of  invlteid  and  viscous  two-dimensional  transonic 
calculation*,  both  for  internal  and  extant!  flows,  [?-$).  In  the  next  sections  the  numerical  solution  of 
tha  governing  aquation*  is  briefly  outlined,  and  tha  grid  generation  technique  and  the  boundary  conditions 
treatment  ere  presented.  Finally  computational  results  for  two  turbine  blade  cascades  and  soma  concluding 
remark*  ese  given. 


COVHNZNO  KJUAUONJ  AMD  NlHOUCAL  SOLUTION 

The  integral  fora  of  the  tuler  equations  for  a  domain  V  with  a  fixed  boundary  ft  in  a  cartesian  coordinate 
ayatam  (x.y.s)  can  be  written  in  vector  form  a.. 
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and  t  J  It  era  unit  vectors  of  the  coordinate  system,  n  is  ths  unit  vector  normal  to  the  surface  encloting 
V,  positive  pointing  outwards,  u,  v  and  w  sre  the  velocity  components  in  x,  y  end  z,  p,  p  and  E  are 
respectively  the  density,  pressure  and  total  internal  energy.  The  ratio  of  the  specific  heats  y  is  assumed 
constant  and  aqua!  to  1.4. 

Tne  Eqn.  (1)  is  applied  to  each  haxesdral  cell  of  the  discretized  domain.  The  numerical  solution  of 
Eqn-  (1)  follows  the  well  known  Jameson's  scheme  [6]  and  is  briefly  outlined  belov.  By  discretizing  the 
surface  integrals  and  by  using  the  mean  value  theorem  for  the  volume  Integral,  a  system  of  ordinary 
differential  aquations  is  obtained.  The  surface  integrals  are  evaluated  as  arithmetic  mean  of  the  fluxes 
of  adlacant  cells.  Thus  the  spatial  discretization  is  second  order  accurate  on  a  grid  with  slowly  varilng 
spacing.  Second  and  fourth  order  artificial  dissipation  terms  sre  added  to  the  discretized  fora  of  Eqn.  (1) 
in  order  to  prevent  oscillations  near  shocks  and  the  even-odd  decoupling.  Note  that  the  coefficient  of  the 
second  order  dissipative  term  it  adepted  to  the  local  second  difference  of  the  pressure  so  that  the  second 
order  accuracy  of  the  scheme  is  not  compromised  in  regions  of  smooth  flow.  Tha  following  explicit  three- 
stege  Kunge-Kutta  schema  has  bean  used  to  advance  the  solution  In  tlma 


V(k)-  V<°>  ♦  m^  §  (.C<k*U  ♦  0W)] 


vheru  C  and  D  are  respectively  the  net  tnvlicid  and  adaptive  dissipation  contributions,  evaluated  as  In  Ref 
t?],  and  o,  •  m}  »  0.6.  Observe  that  for  computittonsl  efficiency  the  dissipative  contribution  la  computed 
only  once  per  time  etep,  et  the  beginning  of  the  Runga-Kutta  cycle.  If  the  steady  state  solution  is  of 
concern,  the  efficiency  of  thm  schema  can  be  Improved  by  using  local  time  step  snd  a  technique  for  Implicit 
residual  smoothing.  If  the  flow  haa  constant  steady  state  total  enthalpy,  further  improvement  la  obtained 
by  means  of  an  enthalpy  damping  technique. 


CONPUWnOWd,  GRID 

The  three-dimensional  grid  fet  cascade*  la  obtained  by  stacking  similar  two-dimensional  mashes  In  the 
t  direction.  The  a  distribution  of  similar  msshas  can  be  refined  near  the  endwall.  The  two-dimensional 
each  Is  algebraically  tenanted.  An  O-typm  math  v*e  choean  in  order  to  obtain  the  beat  resolution  near  the 
body  end  in  the  channel  between  blades  without  excessive  distortion  of  the  cells  end  without  westing  many 
calls  far  from  th»  Medea.  The  use  of  an  Q-typm  mash  in  the  t railing-edge  region  may  be  questionable 
when  solving  the  Ruler  equation-' I  however,  it  should  be  noted  that  the  unphyalcsl  effect*  of  the  artificial 
viscosity  sre  confined  In  the  trailing-edga  region  end  Is  the  wake  and  do  not  compromise  the  stain  result* 
which  on*  expects  fro#  an  lnvlsctd  calculation  on  blade  cascades,  t.e.  the  blade  pressure  distribution 
and  the  downstream  flow  angle. 

Briefly  the  grid  generation  her*  used  define*  a  loop  around  the  bled*  which  eonaiata  of  two  periodic 
linea  closed  by  cups  upetream  end  downstream  at  preepectfted  distance*  from  thm  bled*.  The  position  of 
the  parted  In  boundaries  is  such  that  each  point  of  these  bounder  la*  haa  the  earn*  distance  free  th*  bled* 
surface  of  two  adlacant  blades.  Ones  th*  external  loop  la  formed,  thm  point*  distribution  on  It  la  obtained 
in  two  stepai  1)  eveluatlon  of  th*  11a*  integral  of  the  Invars#  of  th*  distance*  from  th*  bodyi 
11)  Interpolation  of  the  curvilinear  coordinate  at  constant  fractional  steps  of  the  Integral.  The  points 


J; 

!  distribution  on  the  body  is  also  obtainsd  in  two  steps:  1)  determination  of  the  points  where  the  straight 

j  lines  fro*  the  outer  loop  intersect  perpendicularly  the  blade  surface)  ii)  smoothing  of  the  points 

|  distribution  so  obtained  in  order  to  avoid  abrupt  variations  of  the  distance  between  the  points.  The  points 

>  on  the  two  loops  are  then  joined  by  Mans  of  splines  in  tension  which  fora  the  second  faaily  of  coordinate 

lines.  By  using  these  splines  it  is  possible  to  obtain  a  faaily  of  llnea  which  are  normal  to  the  blade 
■  surface  end  have  two  continuous  derivatives  across  the  periodic  boundaries.  Horeover  intersections  of  lines 

of  the  saae  faaily  are  avoided  acting  on  the  tension  factor,  finally  the  MSh  point  diatribution  on  the 
'normal'  lines  is  given  by  a  geometrical  progression  with  variable  ratio  so  as  to  have  the  second  grid 
point  of  every  'normal'  line  at  the  ssm  distance  froa  the  surface.  This  grid  generation  techhique  is  very 
fast  and  leads  to  a  'well  defined'  grid  as  shown  in  figs.  1  and  9.  The  only  drawback  (common  to  all  O-type 
meshes)  is  the  relative  proximity  of  the  'far-field'  to  the  blads)  a  point  that  could  be  important  in  a 
cascade  with  supersonic  downstream  conditions. 


BOUNDARY  CONDITIONS 

Different  types  of  boundary  conditions  must  be  sat  at  the  Inflow  and  outflow  of  the  domain,  at  the 
blade  and  endwall  surfaces,  at  tha  midspan  symmetry  plane  and  at  the  periodicity  surface.  To  improve  the 
computational  efficiency  a  strip  of  phantom  cells  it  used  ot  all  boundaries. 

Inflow  boundary 

According  to  characteristics  theory,  four  variables  can  be  specified  at  a  subsonic  inlet.  We  have  chosen 
total  enthalpy,  flow  direction  (two  angles)  and  entropy.  Observe  that  these  specifications  correspond  to 
the  usual  situation  In  wind  tunnel  experiments.  The  outcoming  one-dimensional  Rlamann  Invariant,  baaed  on 
che  u  velocity  component  and  on  tha  sound  speed  in  the  first  interior  cell,  gives  tha  fifth  relation 
necessary  to  determine  the  unknowns  in  the  upstream  boundary  phantom  cells.  Tor  computations  Inside  blade 
rows,  we  considered  that  the  axial  direction  was  tha  most  significant  for  the  one-dlnanalonal  characteristics 
relations.  In  order  to  model  the  inlet  boundary  layer  on  the  bottom  wall,  the  entropy  varies  along  tha 
s  direction  so  as  to  obtain  the  desired  velocity  profile.  Tha  assumption  is  made  that  the  preaaure  is 
constant  in  che  a  direction.  In  this  scheme  the  Inlet  entropy  distribution  varies  if  the  inlet  mach  number 
varies,  and  needs  to  be  calculated  at  each  time  step. 

Outflow  boundary 

As  for  the  Inflow  boundary,  tha  flow  U  considered  one-dimeoelonel  In  the  X  direction.  With  this 
assumption  tha  characteristics  relations  tllow  to  specify  tha  Jliamann  invariant  on  the  forward  running 
characteristic,  entropy,  end  the  v  and  w  velocity  component  from  the  interior  of  the  domain.  By  giving 
the  praeeura  at  downstream  infinity,  one  obtains  ths  unknowns  in  the  phantom  cells.  Notice  that  this 
boundary  treatment  is  used  also  In  those  calls  where  the  flow  Is  incoming  due  to  the  ehape  of  the 
downs tress  boundary  and  1st*  the  pressure  vary,  to  a  cartstn  extant,  along  tha  boundary  as  it  happens  in 
sc'usl  cascades. 

Periodic  and  sysmstry  boundaries 

At  the  periodic  boundary  cells,  the  variables  are  copied  froa  those  stored  o<ut  pitch  above  or  below, 
and  et  the  midspen  symmetry  is  enforced  along  tha  s  direction. 

Solid  well  boundary 

The  solid  wall  boundary  conditions  are  crucial  in  determining  ths  amount  of  apurloua  entropy  production 
along  the  body  surface.  The  problem  Is  not  trlvlel  and  Is  still  under  investigation.  In  the  present  work 
the  density  in  the  phantom  cells  Is  sxtrspolstad  from  the  Interior,  and  e  reflection  condition  for  the 
velocity  is  used.  The  normal  acaantum  aquation  is  solved  for  tha  preaaure  gradlaat  at  tha  wall,  and  this 
Is  used  to  obtain  tha  preaaure  In  the  phantom  cal la. 


TEST  GASES  AND  KESUt-TS 

Coeducational  results  for  two  transonic  turbine  cascades  are  presented  and  discussed,  ft  is  worth  to 
mention  that  all  calculation*  were  performed  on  a  aupeiieint  computer  Could  Sal  11/67  characterised  by  a 
peak  velocity  of  1.2  Mflope  and  a  core  memory  of  *  Kbyte*.  The  threa-dimensiontl  calculations  started  froa 
g  qusai-coaverged  two-dimensional  solution  and  war*  stopped  et  a  t.H.S.  rat*  of  change  et  density  of 
.61-4.  Ths  convergence  wen  reached  for  the  two  cases  in  about  $00  tins  step*  and  tha  CfU  Una  per  step  was 
247  seconds.  The  first  cascade  ia  typical  «f  a  cool  able  gas  rotor  turbine  section!  the  second  on*  is  a 
turbine  notala  characterised  by  a  blunt  leading -edgs  tad  a  high  stagger  aagla.  both  cascades  war*  tasted 
at  the  vbn  Karmen  Institute  (Haft.  (10-11]),  and  these  egpsriaaeul  results  are  used  to  compare  with  tha 
numerical  ones.  In  both  cases  tha  cnaputatioMl  grid  was  forms*  with  102*16*12  calls)  tha  periodic  boundaries 
eatand  for  .5  and  .6  of  tha  axial  chord  upstream  of  the  laadiag-mdga  and  downstream  of  tha  trailing >*dg# 
respectively.  - 
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Fig.  1  show*  the  aexh  used  for  tha  gas  rotor  turbine  aaotion.  In  order  to  mmm  th*  capability  and 
accuracy  of  the  not hod  in  ((ascribing  three-dimensional  affacta,  tha  anduall  velocity  profile  shown  in 
Fig.  2  was  given  as  input  for  the  upstrasa  boundary.  This  test  caso  was  run  with  a  preasure  at  downstream 
infinity  corresponding  to  an  isantroplc  Mach  nuaber  of  1.21.  However,  due  to  the  downatreaa  boundary 
conditions  treataent,  tha  isantroplc  Mach  nuaber  deduced  froe  the  arithmetic  dsan  of  tha  pressure  values 
in  tha  outflow  boundary  cells,  resulted  in  a  slightly  lower  value  of  1.17.  Fig.  3  presents  the  coecputed 
and  experimental  isantroplc  each  nuaber  on  the  blade  surfaca  at  aldapan.  The  agreement  is  fairly  good,  but 
the  peak  Mach  number  on  tha  suction  side  is  slightly  underestimated  due  both  to  unsufficient  mesh  refinement 
and  treataent  of  the  tralling-edga  region.  In  fact  tha  Isobars  plot  of  Fig.  5  shows  that  tha  coaputed 
shocks  at  tha  tralling-edga  are  anticipated  with  respect  to  the  reattaohment  shocks  that  appear  in  the 
Schlieren  picture.  A  blade  loading  reduction  at  the  endwall  appears  from  Fig.  A  which  compares  aids pan  and 
endwall  isantroplc  Hach  nuebers. 

Fig.  7  gives  the  sequence  of  the  secondary  velocity  vector  plots  In  the  plane  sections  shown  in  Fig.  A. 

As  usual  in  tha  secondary  flows  representation,  the  vectors  are  the  projection  of  the  velocity  vector  at 
a  point  P  onto  a  plane  normal  to  tha  velocity  vector  et  e  point  P‘  projection  along  a  of  tha  point  F  onto 
tha  midspan  plana.  Tha  velocity  vectors  are  all  scaled  by  tha  inflow  velocity.  From  the  sequence  of  figures 
it  la  clearly  visible  the  formation  and  tha  evolution  of  the  passage  vortex  until  it  deceya  approaching  tha 
downstream  boundary!  in  tha  left  end  corner  of  Figs.  7b  and  7c  it  is  even  possible  to  see  the  auction  lag 
of  tha  horseshoe  vortex  which  la  rapidly  damped  by  the  passage  vortex.  Total  pressure  contoure  of  Fig.  8 
show  the  displacement  of  the  low  energy  fluid  free  the  pressure  towards  th«  auction  alda  duo  to  the  vortex 
nation.  In  this  picture  one  can  slso  recognise  that  tha  spurious  antropy  production  along  tha  blade  well 
ie  limited  to  about  U  of  the  total  pressure. 

As  a  second  teat  case  tha  coda  was  run  for  tha  turbine  noaala  shown  in  Fig.  9.  Observe  that  tha  grid 
generation  technique  outlined  above  performed  well  even  for  the  complex  body  shape  of  this  turbine  blade. 

A  calculation  vac  performed  for  a  downstream  praasurt  corresponding  to  an  Isantroplc  Hach  number  equal  to 
1.  As  in  tha  previous  teat  caaa  tha  velocity  profile  of  Fig.  2  wee  glvan  in  input.  The  results  of  the  blade 
laentropic  Mach  number,  shown  in  Fig.  10,  are  in  satisfactory  agreement  with  tha  experimental  data.  Contrary 
to  the  farmer  test  case,  the  tralling-edga  discretisation  behavaa  vsUt  th*  computational  results  are 
clearly  batter  then  those  obtained  by  Holmes  and  Toeg,  (12),  who  used  a  similar  Euler  cod*  but  eadelad  the 
trelllng-adge  as  e  wedge.  The  ieobara  plot  of  Fig.  It  confirms  that  the  eathod  captured  well  the  ayatem  of 
shocks  on  tha  blade  which  appears  in  the  Schlieren  picture  of  Xtf.  til]-  In  this  cascade  the  evolution  of 
secondary  flows  inside  the  channel  la  completely  different  than  in  the  previous  teat  case,  cs  appears  from 
the  sequence  of  Fig.  if.  In  fact  one  can  see  that  a  true  peaaage  vortex  doesn't  develop  end  after  tha 
throat  the  secondary  flows  disappear  et  all.  This  behaviour  can  be  explained  consider  tug  the  very  low 
inlet  vortiotty,  the  rmietively  smell  deflection  entirely  accomplished  in  cue  entrance  region,  and  tha 
superposition  of  numerical  errors. 

Aa  a  final  consent  on  th)  two  teat  cases,  we  observed  a  full  agreement  between  the  computed  outlet  flow 
angle#  and  the  experimental  ones. 


amimtNO  EEiAitS 

The  Euler  cods  develop'd  proved,  through  aevtre  tests,  to  be  able  to  give  soee  insight  Into  the  three- 
dimensional  phenomena  occurring  in  traa-sonle  turbine  blades,  Nevertheless  this  work  must  be  regarded  at  tha 
first  step  towards  a  deeper  analysis,  both  theoretical  and  experimental!  in  this  direction  we  have  already 
atartad  to  move.  Hopefully  in  the  near  future  great  effort  will  bo  devoted  to  tha  undaratandiag  of  tha 
three -dtanuaioaal  features  of  transonic  flows. 
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DISCUSSION 


PJtimette,  Fr 

1 .  For  downstream  boundary  conditions,  you  are  assuming  a  constant  pressure  at  downstream  infinity.  Where  is  your 
infinity?  If  it  is  of  the  order  of  a  chord  behind  the  blades,  is  the  condition  not  too  constraining? 

2.  You  have  a  very  large  number  of  pressure  measurements  in  Figure  10.  Can  you  comment  about  the 
instrumentation,  especially  at  the  trailing  edge?  Are  you  doing  the  experiments  on  a  real  3D  turbine  nozzle,  or  in  a 
channel? 

Author’s  Reply 

1 .  We  assumed  that  the  pressure  is  constant  outside  the  strip  of  phantom  cells  of  the  downstream  boundary.  The  use 
of  one  dimensional  Riemann  invariants  from  infinity  and  from  the  interior  of  the  domain,  allows  the  pressure  in 
the  phantom  cells  to  vary  to  a  certain  extent,  as  you  can  see  from  the  isobar  plots. 

2.  We  have  not  done  the  experimental  measurements.  They  were  carried  out  at  the  von  Ktirmdn  Institute. 


MrKordulla,  Ge 

I  would  like  to  make  a  comment  with  respect  to  the  interpretation  of  vortices  simulated  with  the  numerical  solution  of 
the  Euler  equations.  I  am  not  an  expert  in  internal-flow  predictions,  but  for  external  flow  simulations  with  the  Euler 
equations  it  is  well  known  that  vortices  can  only  be  generated  by  numerical  diffusion,  curved  shocks  or  geometrical 
singularities  unless  vorticity  ^  fed  in  with  the  inflow  conditions.  Therefore  in  internal  flows  without  curved  shocks 
vorticity  can  only  be  redistributed  when  introduced  at  the  inlet.  And  one  has  to  be  quite  careful  when  interpreting 
vortices  in  inviscid-flow  solutions. 

Author’s  Reply 

1  agree.  In  Euler  calculations  without  shocks  one  can  only  follow  the  evaluation  of  vorticity  given  ir  input.  If  any 
vorticity  is  produced  this  is  due  to  spurious  entropy  generation  by  numerical  diffusion  and/or  rounding  errors. 
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COMPUTATION  OF  TRANSONIC  2D  CASCADE  FLOW  AND 
COMPARISON  WITH  EXPERIMENTS 

H.-K.  Happel,  H.  j.  Dietrichs,  K.  Lehmann 


\ 


MTU  Motoren-  und  Turbinen-Union  Mtinchen  GmbH 
Dachauer  Str.  665,  8000  Mtlnchen  50 


\  .  SUMMARY 

1  This  paper  describes  a  time-marching  finite  area  method  to  obtain  the  steady  2D 

I  blade-to-blade  solution  along  an  axisymmetric  stream  surface  with  changing  radius  and 

|  stream  tube  thickness.  The  conservation  laws  are  solved  in  a  rotating  frame.  The  nu- 

"  mericel  scheme  is  explicit  and  first  order  accurate  in  time  and  space.  To  achieve 

stability,  explicit  numerical  viscosity  is  added.  Three  alternative  methods  of 
ensuring  the  zero  normal  velocity  condition  along  the  solid  walls  are  analysed  and 
their  application  is  discussed.  In  order  to  increase  the  convergence  speed,  a 
sequential  grid-refining  procedure  and  a  multiple^grid  algorithm  are  used  in  the  code. 
The  accuracy  and  computational  efficiency  of  the  computer  code  are  demonstrated  for 
realistic  blade  geometries.  The  comparison  with  aerofoil  measurements  shows  good 
t  agreement  for  turbine  and  compressor  cascades. 


NOMENCLATURE 

speed  of  sound 

JACOBIAN  matrices  of  the 

quasi-linear  form  of  the  EULER  equations 

stream  tube  thickness 

correction  vector 

unit  vector 

total  internal  energy  with  respect  to  the  rotating  frame 
unit  matrix 

flux  vector  in  meridional  direction 
flux  vector  in  circumferential  direction 
source  vector 
rothalpy 

prolongation  operator  from  coarse  (2h)  to  fine  !h)  meeh 
JACOBIAN  matrix  of  the  transformation  to  curvilinear  coordinates 
coordinate  in  meridional  direction 

pressure 

radius 

restriction  operator  from  fine  (h)  to  coarse  (2h)  mesh 

ties 

state  vector 
control  volume 
relative  velocity 
oontravarient  velocity 
numerical  viscosity  coefficient 
angle 

ratio  of  speoifio  heats 
curvilinear  coordinates 
eigenvalue 
density 

coordinate  in  circumferential  direction 
angular  velocity 
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Subscripts 

solution  along  characteristics 
EULER  solution 

grid  point  indices  in  m-  and  <f  -direction,  respectively 
in  meridional  direction 
in  normal  direction 
along  the  pressure  surface 
along  the  suction  surface 
in  tangential  direction 
in  y  -direction 
in  “direction 
in  circumferential  direction 

Superscripts 

n  time  level  index 

(  volume  averaged  value 

{  )  vector 

(A)  nonoonservative  formulation 


Ch 

Eu 

i,k 

m 

n 

PS 

ss 

t 

5 

1, 
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INTRODUCTION 

The  development  of  modern  gas  turbine  engines  is  characterized  by  the  attempt,  to 
reduce  the  number  of  stages  in  the  turbomachinery  components.  The  resulting  increase 
of  stage  loading  leads  to  transonic  flow  fields  within  the  blade  rows.  Since  the  un¬ 
steady  EULER  equations  are  hyperbolic  for  subsonic  as  well  as  for  supersonic  Mach  num¬ 
bers,  time-marching  EULER  codes  are  widely  used  for  the  prediction  and  analysis  of 
transonic  turbomachinery  flow. 

The  fully  3D  time-marching  EULER  codes,  which  are  now  becoming  available,  can 
only  be  applied  to  single  blade  rows  or  at  maximum  to  one  stage,  Ref.  1.  Therefore 
multi-stage  turbomaehines  are  designed  by  using  a  quasi  3D  procedure,  in  which  the 
fully  3D  unsteady  turbomachinery  flow  is  approximated  by  calculating  several  2D  solu¬ 
tions  along  blade-to-blade  surfaces  (SI)  as  well  as  along  hub-to-tip  surfaces  (S2)  and 
iterating  between  the  two  Kinds  of  2D  solutions,  Ref.  2.  In  practice  it  is  mostly 
acceptable,  to  perform  only  one  hub-to-tip  solution  along  one  mean  S2„  stream  surface 
and  several  blade-to-blade  solutions  along  axisymmetric  SI  stream  surfaces.  In  this 
approach  the  changing  radius  and  the  divergence  of  the  SI  stream  surfaces,  which  are 
provided  by  the  averaged  hub-to-tip  throughflow  or  even  ductflow  calculation,  must  be 
tahen  into  account.  This  is  valid  for  subsonic  and  especially  for  transonic  flow. 

Hence  2D  transonic  blade-to-blade  solutions  on  cylindrical  planes  (Ref.  3)  are  not 
satisfactory  and  muat  be  modified  for  the  design  of  turbomaohinery. 


GOVERNING  ECUATIONS 

The  unsteady  2D  EULER  equation*  are  solved  in  integral  form  along  an  axisymmetric 
SI  stream  surface  with  changing  radius  r  and  stream  tube  thickness  Bn,  Fig.  1.  with 
respect  to  rotor  blades  the  conservation  laws  are  formulated  in  a  rotating  frame  with 
constant  angular  velocity®  .  Therefore  centrifugal  and  CORIOLIS  forces  must  b*  taken 
into  account. 
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In  the  well  known  vector  notation 
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the  first  row  represents  the  continuity  equation.  The  momentum  equation  in  the  second 
row  contains  a  source  term  on  the  right  hand  side,  which  results  from  the  centrifugal 
and  CORIOLIS  forces,  the  changing  stream  surface  radius,  the  variation  of  streamtube 
thickness,  and  the  use  of  cylindrical  coordinates.  In  order  to  avoid  additional  source 
terms,  the  momentum  equation  in  circumferential  direction  is  replaced  by  the  moment  of 
momentum  equation  in  axial  direction.  Furthermore,  the  total  internal  energy  erot  in 
the  energy  equation 


•rot  *•  pri  J“F( ♦*^-(tur>2)  (2) 

is  defined  with  respect  to  the  rotating  frame.  Equation  (2)  being  valid  for  a  calori- 
cally  perfect  gas  gives  the  closure  relation  for  the  static  pressure  in  the  flux  and 
source  terms, 

In  the  2D  blade-to-blade  solution  uniform  rothalpy  hcot 

•Vot  im  7*  2  ♦*«2*  (3) 

9  V 

is  usually  assumed  in  the  Inlet  plane.  That  means,  that  in  the  adiabatic  steady  state 
solution  hrpt  ia  constant  everywhere.  Although  the  true  time  dependence  of  the  tran¬ 
sient  solution  is  lost,  the  unsteady  energy  equation  can  be  replaced  by  the  assumption 
hrot  *  constant.  To  obtain  the  correct  steady  state  solution,  it  is  only  necessary  to 
solve  three  transient  conservations  laws. 


FINITE  ARBA  DISCRETIZATION 

Equation  (1)  is  disoretlsed  in  the  physical  domain  consisting  of  one  blade  passage 
with  up-  and  downstream  periodic  boundaries  approximately  along  the  flow  direction. 

Fig.  2.  The  domein  is  divided  into  baelo  grid  celle  using  quail-streamllnea  end  pitch- 
wise  lines  with  non  uniform  spaoing  in  circusiferential  and  meridional  direction. 

The  conservation  principle  is  applied  to  overlepplng  finite  arse  elements,  Fig.  2. 
Each  regular  control  element,  which  has  a  nodal  point  close  to  the  center,  is  com posed 
of  tour  basic  elements.  Along  the  pressure  and  suction  side  including  the  leading  and 
trailing  edge  the  control  area  only  consists  of  two  basic  elements. 


PHYSICAL  BOUNDARY  CONDITIONS 

in  order  to  get  a  well  posed  problem,  equation  (1)  must  be  completed  by  physically 
correct  conditions  along  ths  boundaries  of  the  computational  domain,  Pig.  2.  The  number 
of  boundary  conditions,  whioh  have  to  be  imposed  in  the  inlet  and  outlet  plane,  can  be 
determined  using  the  theory  of  characteristic*.  According  to  Ref,  4  three  variables 
must  be  specified  at  the  upstream  boundary  and  only  on*  at  the  downstream  boundary. 

Thia  is  phyaioally  correct  a*  long  ee  the  meridional  velooity  wB  in  the  outlet  plena 
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is  subsonic.  If  vm  is  supersonic  in  the  exit  planet  all  boundary  conditions  have  to  be 
specified  in  the  inlet  plane. 

As  supersonic  meridional  velocities  usually  do  not  occur  in  turbomachinery  flow, 
in  the  inlet  and  outlet  plane  the  following  physical  boundary  conditions  are  imposed 
and  held  constant i 


Inlet  plane 


-  relative  stagnation  temperatur, 

-  relative  stagnation  pressure,  and 

-  relative  flow  angle  (for  subsonic  inflow). 


Outlet  plane 


-  static  pressure. 


If  the  relative  inflow  Mach  number  is  supersonic  (but  wm  is  subsonic) ,  the  circum¬ 
ferential  component  of  the  relative  velocity  is  held  constant  instead  of  the  relative 
flow  angle.  Then  the  unique  incidence  condition  is  automatically  satisfied  as  a  part 
of  the  solution. 


Along  the  solid  walls  of  the  aerofoil  no  mass  and  energy  flux  cross  the  surface, 
because  the  normal  component  of  the  velocity  is  zero  everywhere.  The  transport  of 
momentum  and  moment  of  momentum  only  consists  of  the  pressure  forces  perpendicular  to 
the  surface. 


NUMERICAL  SCHEME 

The  numerical  scheme  is  explicit  and  first  order  accurate  in  time  and  space.  The 
first  order  accuraay  in  space  is  caused  by  the  explicit  numerical  viscosity  to  achieve 
stability  as  well  as  by  using  half  elements  along  the  blade  aurfaoes. 


Defining  a  volume  averaged  state  vector 


1  r  r  »  7  n 

i,k  " 

of  the  control  volume 


(4) 


V 

and  a  lagging  correction  vector 


(5) 


ci,k  »•  -  (  1  -  «  )  j  Ul>k  -  U1(k  j  (6) 

the  unsteady  2D  EULER  equations  are  discretised  as 

n*1  $  n  „  n0 

ul,k  •  ui,k  *cl,k 

"  /fi"  <  F% p  ®  *  *  >/  "  -  [I  H r  dy  7  <7> 

for  the  nodal  point  (i,k)  close  to  the  center  of  the  control  volume.  The  transport 
terms  are  positive  for  fluxes  leaving  the  control  surface. 

in  the  so  called  damping  surface  teohnimie  (Ref.  5)  the'  con-sidereble  numerical 
viscosity,  which  is  introduced  by  tha  volume  averaged  state  vector  et  time  level  n,  is 
reduced  by  the  legging  correction  vector.  This  remains  constant  during  N  time  steps 
and  is  than  updated  for  the  next  period  of  iterations.  With  regard  to  convergence  speed 
the  number  of  iteration*  between  two  updates  of  the  correction  vector  should  be  chosen 
**  smell  as  possible.  In  combination  with  a  viscosity  coefficient  et  in  the  range  of 
about  two  percent  the  updating  rate  N  ahould  not  be  lees  than  five  iterations,  because 
otherwise  tb*  calculation  becomes  unstable. 

when  the  steady  state  solution  is  attained,  the  accuracy  is  mainly  determined  by 
the  approximation  used  £or  the  surface  and  volume  integrals.  Both  are  calculated  for 
the  basic  elements  assuming  linear  variation  of  tha  functions  betwaan  adjacent  nodal 
pointa. 
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NUMERICAL  BOUNDARY  RELATIONS 

A  2D  flow  problem  is  determined  at  any  point  in  space  by  a  total  of  four  state 
variables.  Since  at  the  inlet  plane  three  physical  boundary  conditions  are  specified 
and  at  the  outlet  plane  only  one  can  be  prescribed,  the  following  numerical  boundary 
relations  are  additionally  used: 

Inlet  plane 

-  equality  of  the  mass  flow 

in  the  inlet  and  the  second  plane, 

Outlet  plane 

-  equality  of  the  mass  flow, 

-  equality  of  the  mass  averaged  rothalpy  in  the  relative  frame,  and 

-  equality  of  the  mass  averaged  moment  of  momentum  with  respect  to  the  absolute 
frame 

in  the  outlet  and  the  last  but  one  plane. 

With  the  exception  of  the  leading  and  trailing  edge  the  periodic  boundaries  (up¬ 
stream  and  downstream  of  the  blades)  are  treated  in  the  same  way  as  the  interior  nodal 
points.  Informations  are  combined  from  the  upper  and  the  lower  boundary  (AC  and  BD  or 
EG  and  FB  respectively,  Fig.  2)  to  obtain  the  fluxes  of  a  regular  control  element. 

In  order  to  apply  the  periodic  condition  even  to  the  leading  and  trailing  edge, 
special  half  elements  are  used,  which  only  touch  the  blade  surface  at  the  leading  and 
trailing  edge  nodal  point,  Fig,  2.  The  computed  changes  of  the  state  vector  are  at¬ 
tached  to  the  nodal  points  at  the  leading  and  trailing  edge. 

Although  at  the  solid  walls  the  physical  boundary  condition  of  zero  normal  veloc¬ 
ity  is  imposed  in  the  flux  balance,  the  EULER  solution  usually  gives  a  normal  component 
of  the  velocity  vector.  Therefore  in  the  computer  proqram  after  each  time  stop  the 
following  three  options  of  correction: 

-  normal  velocity  method  (Ref.  6), 

-  normal  momentum  method  (Ref.  7),  and 

-  normal  compatibility  method  (Ref.  8) 

are  made  available.  For  the  formulation  of  the  solid  wall  corrections  it  is  convenient, 
to  introduce  a  curvilinear  coordinate  system  (Jr,  op  )  such  that  the  blade  surfaces 
coincide  with  lines J  »  constant.  L 

In  the  normal  velocity  method  the  normal  component  vn  of  the  velocity 

vw^w 

is  cancelled  and  the  kinetic  energy  of  wn  is  added  ieentropically  to  the  static  state. 
In  this  approach  all  changea  of  the  state  veotor  resulting  from  the  flux  balance  of 
the  half  aiesenta  are  directly  attached  to  the  nodal  points  at  the  blade  surface. 

In  the  normal  momentum  method  the  changes  of  the  state  veotor  ere  at  first  located 
at  the  center*  of  the  half  elements.  Then  the  static  pressure  at  the  solid  wall  is 
predicted  by  applying  the  normal  momentum  equation 


( p2  ^  *  %)Z  >  Jj  • ( r*  H 

-  S  r2  <  ( Jjf  >  (J|)  -  jf >  > 


between  the  center  of  the  half  eleneht  and  the  nodal  point  at  the  blade  surface,  where 


is  the  contravariant  velocity  component  being  tangent  to  the  solid  wall. 

Equation  (9) ,  relating  the  normal  pressure  gradient  mainly  to  the  curvature  of 
the  solid  walls,  can  be  derived  by  combining  the  momentum  equations  in  meridional  and 
circumferential  direction 


Ov.  .  w-  .2  Dr  1  3p 


D  „  -  w»  .Dr  1  3p 

roi(/U2''<('^a0o;" 


keeping  in  mind,  that  in  the  relations  between  the  physical  and  contravariant  compo¬ 
nents  of  the  velocity  vector 


the  ccntravazlant  component  W»  vanishes  along  the  blade  surface.  Since  the  flow  quan¬ 
tities  of  the  nodal  point  at  the  solid  wall  must  be  substituted  in  the  right  hand  side 
of  equation  (9) ,  the  correction  procedure  consists  of  a  predictor  and  a  corrector  step. 
In  both  steps  an  isentropio  relationship  between  the  static  values  of  density  and 
pressure  is  assumed. 

In  the  normal  compatibility  method  it  is  assumed,  that  the  euler  solution  with 
H/-Bu  ♦  0  as  well  as  the  solution  along  characteristics  with  H»-cb  *  0  have  to  fulfill 
t"ne  compatibility  relations.  Since  only  the  boundary  condition  in  the Jf  -direction  is 
maltreated,  it  is  sufficient  to  derive  the  compatibility  relations  within  a  character¬ 
istic  plans  being  parallel  to  the  ss-axia.  The  detailed  derivation  of  the  compatibility 
relation*  as  well  as  the  basic  ideas  of  the  so  called  poatoorreetlon  technique  tor 
improving  ths  EULER  solution  at  th*  and  of  s  time  step  A  t  are  given  in  the  appendix. 

With  the  expression  for  the  tangential  componant  *t  of  the  velocity 


(16) 


and  aaaualng  *n-Ch  “  0  She  poatoorrectlon  equationa  may  bt  writ tan  aa 


<&Vp  V 

1  2  .2  ,9a T 

p 
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The  negative  sign  in  equation  (17)  belongs  to  a  left  running  characteristic  from  the 
flow  field  to  the  pressure  side  and  the  positive  sign  is  valid  for  a  right  running 
characteristic  carrying  informations  to  the  suction  side.  Equations  (18)  and  (19'  are 
the  compatibility  relations  along  the  two  characteristics  with  the  slope  djVdt  *  Wj/r 

The  normal  momentum  and  the  normal  compatibility  method  have  an  advantage  over 
the  normal  velocity  method  only  on  coarse  grids.  The  improvements  are  comparable  for 
fine  grids  with  compressed  mesh  lines  along  the  pressure  and  suction  side.  If  the 
curvature  of  the  solid  walls  is  considerable,  the  normal  momentum  method  should  be 
preferred. 


ACCELERATION  OF  CONVERGENCE 

Since  explicit  time  marching  codes  are  time  consuming  with  respect  to  the  COURANT- 
FRIEDRICH8-LEWY  (C.F.L.)  condition,  the  convergence  speed  must  be  increased. 

The  simplest  modification  consists  in  replacing  the  unsteady  energy  equation  by 
the  steady  one  as  mentioned  before. 

in  connection  with  grid  spacing  it  is  very  important  to  use  local  time  steps  being 
limited  by  the  C.F.L.  condition.  This  stability  constraint  states  that  the  physical 
domain  of  dependence  must  be  completely  contained  within  the  numerical  domain  of  depend¬ 
ence,  Fig.  3.  That  means,  that  the  maximum  time  step  is  attained,  when  the  sketched 
sonic  circle  touches  the  boundary  of  the  control  element.  According  to  Fig.  3  the  C.F.L. 
condition  gives  the  maximum  time  step  as 


is  the  normal  unit  vector  of  the  straight  line  OR.  In  order  to  achieve  a  C.F.L.  nurabar 
close  to  unity  everywhere,  for  each  control  area  the  minimum  value  of  six  possible 
tims  steps  must  be  estimated.  Sines  this  calculation  is  very  expensive  with  respect  to 
computer  time  and  the  changing  rate  of  4  t  is  very  small,  the  number  of  time  steps 
between  two  sequential  updates  can  be  chosen  in  the  range  of  the  number  of  grid  lines 
in  meridional  direction. 

Both  improvements  art  implemented,  beesusu  only  the  steady  state  solution  is 
required  and  the  true  tims  dependence  it  not  important. 

The  computer  tims  is  mainly  reduced  be  using  a  grid-ref lnlno  procedure  end  a 
multiple-grid  algorithm.  *  ‘  ” 

The  grid-refining  proceed*  in  three  sequential  level*.  The  calculation  starts  on 
the  coarsest  mesh,  where  the  solution  is  only  performed  at  svsry  fourth  nodal  point  in 
both  directions.  After  attaining  convergence  the  solution  is  interpolated  to  the  next 
finer  grid  end  the  iteration  is  continued. 

At  etch  level  o f  grid-refining  additionally  a  multigrid  procedure  is  available. 

Dus  to  the  application  of  volume  averaging  the  damping  surface  technique  reduces  all 
high-frequency  errors  in  the  order  of  one  mesh  width  very  quickly.  Therefore,  in  co¬ 
ordination  with  the  updating  rate  of  the  correction  vector  of  the  damping  eurfsce 
technique  the  two-level  correction  scheme  is  composed  of  a  fined  number  of  iterations 
on  the  fine  grid  with  mesh  else  h  and  one  Approximation  of  the  residuals  on  the  nest 
coarser  grid  with  mesh  sits  2h. 

The  fins-to-coarss  transfer  operator  (called  restriction)  consists  of  summing 
up  the  tinsel  of  the  coarse  control  volume  4v*h  using  the  already  calculated  valuta 
of  the  baeie  cells  within  it.  to  compote  the  coarse  grid  corrections 
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local  tine  steps  At^h  are  taken  into  account,  which  belong  to  the  coarse  mesh. 

For  returning  to  the  fine  grid  linear  interpolation  is  applied  as  a  coarse-to- 
fine  transfer  operator  ijj  (called  prolongation).  Then  the  state  vector  at  all  nodal 
points  of  the  fine  grid  2h  is  replaced  by 


Tffl  -^^0  h  2h 

u  i,k  *  U  i,k  ♦  c  i,k  ♦  1  j,,  > 


(23) 


using  the  damping  surface  technique. 

The  main  purpose  of  this  correction  scheme,  being  only  valid  for  linear  problems, 
is  the  rapid  propagation  of  the  fine  grid  corrections  throughout  the  computational 
domain.  The  savings  in  computer  time  are  about  70  percent  and  the  low  truncation  error 
of  the  fine  grid  discretization  is  maintained. 


APPLICATION  AND  COMPARISON  WITH  EXPERIMENTS 

The  computer  code  containing  all  tha  features  described  in  the  previous  chapters 
has  been  developed  for  routine  application.  A  large  amount  of  experience  has  been 
accumulated  over  the  past  several  years,  when  it  was  used  for  design  work  at  an  average 
rate  of  about  five  applications  per  day.  The  quality  of  the  reoulta  may  vary  with  the 
problem.  Typical  examples  for  turbine  and  compressor  flow  will  be  disoussed  to  demon¬ 
strate  the  accuracy,  the  computational  efficiency,  and  the  limitations  of  the  method. 

To  compare  the  computed  results  with  2D  asrofoil  measurements  the  lsentroplc  Mach 
number  distributions  along  the  pressure  and  suction  side  is  used,  beesuse  the  static 
pressure  is  least  affected  by  the  numerical  viscosity.  For  ell  test  esses  the  com¬ 
putational  tine  mesh  is  composed  of  145  x  37  nodal  points  with  different  spacing  bet¬ 
ween  the  pressure  and  suction  surface  ss  well  as  at  the  leading  and  trailing  edqe. 

Fig.  4  presents  the  lsentroplc  Mach  number  distribution  of  a  turbine  stator  blade 
at  a  downstream  supersonic  Mach  number  of  1.32  and  shows  good  agreement  with  experimen¬ 
tal  data.  The  experiments  ware  carried  out  at  DFVLR  Cdttingen.  The  predicted  exit  flow 
angle  is  within  «  half  degree  of  the  teat  rwu'.'it,  The  comparison  between  a  Schlieren 
photograph  and  computed  lsodenaity  lints  in  Fig.  3  is  satisfactory.  Tha  trailing  edge 
shook  on  the  pressure  side  (a)  ii  captured  quit#  well,  however  tha  intensity  decreases 
toward  the  suction  aids,  becoming  practically  zero  after  the  reflection  (b)  in  contraat 
to  reality.  This  is  due  to  the  neglected  friction  effects  in  the  calculation.  Following 
the  explanations  in  Ref.  9  the  boundary  layer  thickneat  would  effectively  change  the 
curvature  on  the  suction  aids  in  rail  flow  leading  to  compression  waves.  This  process 
would  be  amplified  by  the  shock  boundary  layer  interaction  resulting  in  the  structures 
observed  in  the  Schlieren.  The  strong  suction  aide  shock  at  the  trailing  edge  (o)  la 
in  good  agreement  with  the  experiment. 

Pig.  6  shows  the  comparison  of  the  leentropio  Mach  number  distribution  of  a  tur¬ 
bine  rotor  blade  over  the  relative  surface  length,  Ref.  10.  The  exit  Mach  number  of 
the  plane  cascade  test  is  In  ths  tangs  of  0.99.  The  date  agree  quite  well  exept  at  60 
percent  suction  Surface  length,  where  a  laminar  separation  bubble  occurs  in  the  experi¬ 
ment.  This  it  caused  by  the  interaction  of  the  trailing  edge  shock  of  the  adjacent 
aerofoil  with  the  auction  side  boundary  layer.  M  thia  mechanism  Is  not  included  in 
the  lnwiscid  calculation,  the  computed  shock  is  stronger,  but  the  predicted  shock 
position  differs  slightly  from  the  experimental  rssult.  Ths  shock  can  be  clearly  seen 
In  the  isodensity  contours,  which  ars  plotted  In  Fig.  B.  Fig,  1  presents  a  second 
measurement  in  comparison  with  the  tiret  one,  where  cooling  air  1*  ejected  at  a  posi¬ 
tion  of  about  35  peresnt  relatlvs  suction  aide  length.  The  ejection  produces  a  disturb¬ 
ance  In  ths  local  Hach  number  distribution  end  causae  an  earlier  boundary  layer  transi¬ 
tion,  resulting  In  a  weaker  interaction  of  the  shock  with  ths  boundary  layer,  in  this 
csss  the  measured  values  of  strength  and  position  of  the  shook  ace  in  excellent  agree¬ 
ment  with  the  Inviecid  prediction  in  Pig.  6. 

Fig,  9  compares  ths  computed  and  measured  Hach  number  distribution  of  a  compressor 
rotor  bleds  at  e  slightly  supersonic  inlet  Hach  number  of  about  1.01,  Ml  compressor 
cascade  measurements  were  performed  at  DFVUt  KtSln.  Tha  computed  imopreeawre  contours 
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in  Fig.  10  show  the  detached  shock  at  the  leading  edge.  Although  the  computed  shock  is 
saeared  over  several  grid  points,  the  shock  location  is  predicted  quite  well.  The 
difference  between  the  coaputed  and  measured  shock  strength  results  mainly  froa  fric¬ 
tion  effects.  The  growing  boundary  layer  on  the  suction  side  upstream  of  the  shock 
decreases  the  curvature  of  the  wall,  leading  to  a  weaker  supersonic  expansion.  The 
increase  of  the  boundary  layers  downstreaa  of  the  shock  within  the  flow  channel  pro¬ 
duces  a  blockage,  which  explains  the  higher  Mach  nuaber  level  along  the  pressure  side 
as  well  as  along  the  suction  side  behind  the  shock  in  the  experiment.  The  overall 
trends  of  the  Mach  number  distributions  are  in  good  agreement. 

Fig.  11  presents  the  calculated  and  measured  Mach  number  distribution  of  a  com¬ 
pressor  cascade  with  precoopression  at  the  front  part  of  the  suction  side.  The  experi¬ 
mentally  observed  inlet  conditions,  Mach  number  of  1.50  and  flow  angle  of  150  degrees 
corresponding  to  unique  incidence,  are  computed  exactly.  The  intended  flow  pattern  et 
the  design  point  is  characterixed  by  a  precompression  at  the  beginning  of  the  suction 
side  with  converging  Mach  lines  at  the  leading  edge  of  the  adjacent  profile  and  an 
oblique  ehock,  which  starts  at  the  leading  edge  and  hits  the  suction  surface  at  about 
75  percent  relative  chord  length.  That  means,  that  thic  part  of  the  suction  side  cannot 
be  affected  by  the  adjacent  pressure  aide.  Accordingly  the  Mach  number  distribution 
results  only  from  the  geometrical  shape  of  the  suction  side  upstream  of  the  oblique 
shock  and  can  be  predicted  analytically  using  the  theory  of  cheracteristica.  The 
additionally  shown  comparison  between  this  analytical  prediction  and  the  time-marching 
EULER  solution  agrees  quite  well.  This  excellent  agreement  can  alto  be  seen  In  the 
isopresauro  contoura  of  Fig.  12.  With  the  exception  of  the  strong  supersonic  expansion 
at  the  round  leading  edge  the  diacrepancy  between  the  measurement  and  the  invlscid 
calculations  of  the  Mach  number  distribution  result*  froa  the  boundary  layer  behaviour 
upstream  of  the  oblique  shook.  Due  to  the  growing  thickness  of  tha  boundary  layer  the 
wall  curvature  increases  along  the  costpretsion  part,  resulting  in  a  stronger  decelera¬ 
tion,  and  decreases  along  the  expansion  part,  leading  to  a  weaker  acceleration.  The 
difference  between  ’.he  experimental  date  and  the  computed  Mach  number  distribution 
along  the  pressure  side  is  considerable,  because  the  flow  field  downstream  of  the 
oblique  shock  ia  sensitive  to  the  back  pressure  in  the  outlet  plane.  The  location  as 
well  a*  the  strength  of  the  normal  shock,  which  starts  at  th*  trailing  edge  of  the 
auction  tide  and  hits  the  pressure  side  at  about  55  percent  relative  chord  length 
(Fig.  12),  differ  fror  the  calculation.  In  order  to  move  the  computed  ehock  approxi¬ 
mate  to  the  measured  position,  a  considerable  increase  of  th*  static  prstsore  would 
be  required  in  the  outlet  plane,  leading  to  an  exit  Hach  number  in  the  range  of 
0.61  in  contrast  to  the  measured  value  of  about  O.SS. 


CONCLUDING  REMARKS 

The  described  20  tim«-earctiing  EULER  code  ia  integrated  In  a  <juasi  JO  approach 
and  can  be  effectively  applied  for  design  end  snalyale  of  JO  turboeachinery  flow. 

The  comparison  of  th*  20  tent  esse*  has  shown,  that  the  prediction  of  the  20 
invlscid  blade-to-blade  solution  ia  in  good  agreement  wit*  th*  SHreeuremente,  If  the 
friction  effects  ate  weak  and  mainly  concentrsted  in  the  boundary  layers  without 
separation.  Further  Improvement*  for  these  application*  cen  be  achieved  by  the  Imple¬ 
mentation  of  an  Iterative  routine  between  the  invlscid  EULER  solution  and  a  boundary 
layer  calculation.  This  is  valid  for  transonic  turbine  cascades  and  for  the  inlet  part 
of  transonic  at  well  aa  supersonic  compressor  cascades. 
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Fig.  11  Isentropic  Mach  number,  distribution  along 
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supersonic  compressor  cascade 


Pig.  12  Computed  iaopressure  lines  of  a  supersonic 
compressor  cascade 
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In  the  normal  compatibility  method  (called  poBtcorrection  technique)  it  is  supposed, 
that  the  EULER  solution  with  a  normal  velocity  component  wn  f  0  as  well  as  the  solu¬ 
tion  along  characteristics  with  a  vanishing  normal  component  wn  »  0  have  to  satisfy 
the  corresponding  compatibility  equations.  This  means,  that  the  postcorrection 
technique  is  based  on  the  equivalence  of  the  governing  unsteady  EULER  equations  and  of 
the  compatibility  relations  along  characteristic  surfaces.  Therefore,  if  we  write  the 
latter  twice,  once  for  the  results  as  obtained  from  the  discretization  of  the  EULER 
equations  and  again  for  the  exact  characteristic  solution,  the  postcorraction  relations 
are  obtained  by  subtracting  one  equation  from  the  other,  assuming  that  the  discretiza¬ 
tions  of  the  corresponding  spatial  derivatives  are  equal  for  both  sets  of  compati¬ 
bility  equations. 


Since  the  JACOBIAN  matrices  of  the  corresponding  quasi-linear  formulation  of  equa¬ 
tion  (1)  contain  only  a  few  zero  elements,  the  determination  of  the  eigenvalues  is 
very  cumbersome.  Therefore  we  consider  the  quasi-linear  form  of  the  nonconservative 
EULER  equations 


■su 

dt 


+  A 


H 


SnrS 

A 

A>- 

BnrS 

0 

0 

Kn 

0 

K» 

0 

4 

SnrS 

Wf 

0 

0 

W_ 

IV 

0 

Bnrp 

0 

Vi*2 

0 

Wm 

BnrS 

0 


Wf 


BnrSa 


0 

■i 

*nrS 


Wf 


//:« 


IB^rp)  D  In  l Bnrl 
(3„rj)  Dm 


*  lWy 


2 

*ur) 


D  In  r 
Drn 


-  Km 
m 


( Wy  *Zcor) 


Din  r 
Dm 


Dln/S„r) 

Dm 


(A.l) 


keeping  in  mind,  that  both  formulation*  have  the  same  eigenvalues  due  to  an  existing 
similarity  transformation  between  the  conservative  and  the  nonconservative  state  vector. 

In  order  to  facilitate  the  derivation  of  the  compatibility  relations,  it  is  con¬ 
venient  to  Introduce  a  curvilinear  coordinate  ays ten  (jr»>«)  suoh  that  the  blade  sur¬ 
faces  coincide  with  lin^s  j  ■  constant.  J 

The  application  of  the  chain  rul*  to  equation  (A.l)  yields 


(A.  2) 


(A.l) 
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Introducing  the  oontravariant  velocity  components 


Wf  w%  df  df 

— *•  -  — £  —  t  M/  T - 


W  22. 

%  r  2<f  m  Dm 


the  JACOBIAN  matrices  of  the  transformation  can  be  written  as 
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Since  the  derivetivee  in  the  » -direction  can  be  calculated  with  sufficient 
accuracy,  and  the  blade  surfaces  hinder  us  only  in  the  space  differentiation  in 
J-direotlon,  it  is  only  necessary  for  the  derivation  of  the  poetcorreotion  relations 
"to  consider  the  corresponding  one-dimensional  problem 


SU  B  /■££  / 
n*  r  l  d} / 


This  means,  that  we  focus  on  a  particular  set  of  characteristic  plants,  which  are 
parallel  to  the  *-axis  and  whose  slopes  in  time  A ■  if /it  are  the  eigenvalues  of  the 
matrix  B/r.  Solving  the  eigenvalue  problem  det  (B/r  -  A.  B)  ■  0,  we  obtain  the  four 
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eigenvalues 
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Taking  into  account  the  left  and  right  eigenvectors  associated  with  these  four  eigen¬ 
values,  the  corresponding  compatibility  relations  can  be  written  a? 
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with  the  total  derivative  operator 
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along  a  straight  line  parallel  to  the  t-Jr-ulane  on  the  characteristic  plane  parallel 
to  the  -w-axis.  The  negative  sign  in  equation  (A. 13)  belongs  to  the  left  running 
characteristic  plane  (3.3)  and  the  positive  sign  is  valid  for  the  right  running 
characteristic  plane  (lli)* 

Substituting  the  results  of  the  EULER  solution  (subscript  Eu)  as  well  as  the 
exact  values  of  the  characteristic  solution  (subscript  Ch)  into  the  equations  (A. 11) 
up  to  (A, 13)  and  subtracting  the  corf  'ponding  equations  yields 
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These  postcorrection  relations  are  valid  for  the  assumption,  that  the  spatial  deriva¬ 
tives  in  the  f -direction  are  equal  for  both  solutions.  Substituting  the  contravarlant 
velocity  component  W*  from  equation  (A. 5),  equation  (A. 17)  can  be  written  as 


Due  to  the  assumption,  that  the  state  variables  satisfy  all  boundary  conditions  at  the 
beginning  of  the  time  step  and  Wk-ch  is  zero  at  any  time  along  the  solid  walls,  we 
obtain  the  following  relations  J 
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(A. 21) 


for  correcting  the  EULER  solution  at  the  end  of  the  time  step. 

Taking  into  account  the  relations  between  the  transformation  metrics  and  the 
metrics  of  the  inverse  mapping  we  obtain  finally  the  equations  (17),  (18),  and  (19). 


DISCUSSION 


J.D.Denton,  UK 

I  think  that  your  solutions  are  very  impressive,  especially  for  the  turbine  blades.  However,  it  is  well  known  that  the 
shock  structure  at  the  trailing  edge  of  a  turbine  blade  is  determined  by  viscous  effects  and  the  results  from  an  inviscid 
solution  depend  greatly  on  how  they  are  modelled.  Can  you  please  explain  how  you  modelled  this  trailing  edge  flow? 

Author’s  Reply 

We  do  not  change  the  real  airfoil  geometry  of  the  trailing  edge  for  computational  purposes.  We  only  use  a  very  fine  grid 
spacing  at  the  leading  as  well  as  at  the  trailing  edge  and  apply  no  further  model  at  the  rounded  trailing  edge. 

Mr  Korduila,  Gc 

I  have  a  question  concerning  the  quality  of  the  solution  for  the  compressor  flow.  Usually,  thinking  of  solutions  with  first 
order  of  accuracy  in  space  one  assumes  that  the  solutions  are  very  dissipative  (smearing  of  shocks,  etc.).  The  isobars  in 
Figure  10,  however  show  many  oscillations.  Could  you  comment  on  this? 

Author’s  Reply 

The  substitution  of  the  correction  vector  (Eq.6)  into  the  discretisation  (Eq.7)  gives  a  better  insight  in  the  damping 
surface  technique.  When  the  steady  state  solution  is  marched,  the  correction  vector  becomes  nearly  constant.  This 
means  that  the  damping  surface  technique  will  be  simplified  to  an  EULER-LAX  combination  with  very  small  artificial 
viscosity  due  to  the  use  of  2  values  in  the  range  of  2%  for  the  interior  nodal  points  of  the  fine  grid. 


AD-P005  518 


abstract 

^Recent  experimental  evidence  exists  which  suggests  that  compressor  cascades 
operating  supersonically  may  pass  a  higher  mass  flow  with  a  periodic  inflow  condition 
than  with  the  thermodynamically  equivalent  mass-averaged  steady  condition.  Since  most 
compressor  design  methods  rely  on  the  use  of  an  axi-symmetric  analysis,  any  excursion 
in  mass  flow  caused  by  blade  row  interactions  will  not  be  accounted  for  in  the  design. 
In  the  present  study  the  two-dimensional  Navier-Stokes  equations  are  solved  using  the 
MacCormick  explicit  algorithm  to  obtain  the  flow  in  a  subsonic  rotor  cascade  for  both 
periodic  and  steady  flow  inlet  conditions.  A  new  outflow  boundary  condition  is 
presented  to  model  the  unsteady  cascade  exit  flow  conditions  by  using  localized  heat 
addition  to  produce  a  choke  point  near  the  downstream  boundary.  A  computational  study 
of  the  wake  model  parameters  used  in  the  periodic  inlet  boundary  condition  is  performed 
to  determine  their  effect  on  the  cascade  mass  flow  swallowing  capacity. 

r" 

Nomenclature 
b  wake  half  width 

c  speed  of  sound 

D  scaling  length 

o  specific  energy 

E,F  vector  f luxes  in  the  moan  flow  equations 

k  thermal  conductivity 

K1  characteristic  variables 

m  mass  flow 

M  Mach  number 

P0  total  pressure 

p  pressure 

<1  heat 

H  gas  oonstsnt 

a  atroamviso  direction 

t  time 

T  static  temperature 

t0  totsl  temperature 

u,v  velocity  components 

U  dependent  variable  flux  vector 
w  wheel  speed 

x  axial  dimension 

y  tangential  dimension 

o  atm tor  flow  angle 

Y  ratio  of  the  spaoific  boats 

4  streantuba  contraction 


X 


turbulent  eddy  viscosity 

second  viscosity  coefficient  (0.6y  for  air) 
u  molecular  viscosity  coefficient 
p  density 

a  normal  stress 

t  shear  stress 

<u  vorticity 


Subscripts 

a  absolute  coordinate  frame 

i  inviscid  value  or  Inner  turbulent  m'.'del  viscosity 

o  outer  turbulence  model  viscosity 

r  relative  coordinate  frame 

te  trailing  edge  conditions 

w  wall  quantities 

■»  freestream  conditions 

Introduction 

One  of  the  problems  presently  faced  by  designers  of  modern  transonic  and 
supersonic  compressors  is  a  method  to  account  for  the  unsteadiness  which  naturally 
occurs  within  the  moving  blado  rows  of  the  machine.  Examples  of  this  unsteadiness  are 
flow  turbulence,  blade  row  interactions,  rotating  stall,  ard  surge,  of  those,  the 
blade  row  interaction  effects  have  the  most  impact  on  normal  design  point  compressor 
operation.  As  noted  by  Wennorstrom  [1],  recent  experimental  evidence  exists  which 
might  support  the  conclusion  that  a  compressor  cascade  operating  supersonically  may 
pass  a  higher  mass  flow  with  periodic  inflow  conditions  than  with  the  equivalent 
mass-nvoragod  steady  inflow  conditions.  Since  modern  compressor  design  methods  roly  on 
the  use  of  an  axi-symmatric  analysis,  and  therefore  treat  all  quantities  in  a 
mass-averaged  way,  any  excursion  in  flow  rato  caused  by  this  type  of  blade  row 
interaction  effect  would  not  be  accounted  for  during  doaign.  As  shown  In  Fig.  1,  this 
may  cause  tho  downstream  rotor  to  overflow  which  would,  in  the  case  of  supersonic 
rotors  which  hove  a  nearly  vortical  characteristic,  croato  a  large  reduction  in  the 
proaauro  ratio  and  efficiency  produced  by  tho  stago. 

An  example  of  this  situation  is  tho  Allison  High  Flow  Comprounor  as  reported  by 
Bettnor  and  Alvorson  { 2 ] .  In  this  machine  all  five  rotors  woro  operating  with  inlet 
relative  Maoh  numbers  equaling  or  exceeding  unity  at  tho  tip,  with  stages  two  and  throo 
operating  supersonically  across  the  ontire  span.  At  tho  dosign  stator  sotting  tho 
second  stago  exhibited  flow  capacity  higher  than  tho  design  intont  by  approximately  six 
percent.  It  was  nocessary  to  close  down  tho  upstream  stator  to  achiova  tho  dosign 
pressura  ratio  and  efficiency. 

Tho  only  previous  computational  study  of  this  problem  was  made  by  Scott  1 3 }  who 
performed  Navior-Stokes  calculations  on  the  same  second  stago  compressor  cascade  at 
utod  in  this  study.  For  tho  operating  condition  that  was  examined,  tho  results 
indicate  that  the  unsteady  mass  flow  is  approximately  three  percent  higher  than  tho 
steady  case  when  using  an  inlet  wake  profila  derived  from  experiment,  other  numerical 
examinations  of  tho  blade  row  interaction  problom,  notably  those  by  Mitchell  (41  and 
Hodson  (51,  have  used  thu  inviscid  tlao-marching  mothod  of  Denton  (6}  to  investigate 
the  blsde  surface  static  pressure  and  velocity  amplitude  and  phase  relationships  at  the 
wake  passing  frequency.  Although  these  calculations  produced  reasonable  agreement  with 
experiment,  they  are  limited  by  both  the  use  of  the  invlsciw  equations  of  motion  and 
tho  first  order  time  accuracy  of  the  time -marching  schema. 

Tho  computations  in  the  present  analysis  are  performed  for  a  stream  surface  at 
approximately  90%  of  the  blade  span  for  the  second  stage  of  a  high  performance 
suporionio  compreasor.  At  this  spanvlte  location  the  inlet  Mach  number  is 
approximately  1.13.  Although  this  design  la  not  noceasarily  typical  of  those  in 
operation  in  many  compressors  today,  it  ia  typical  of  doeigns  which  may  appear  in 
future  compressors  roqulrlng  high  pressure  ratios  and  high  flow  rates.  A  generalised 
distribution  of  upstream  total  pressure  is  used  to  model  vakee  from  an  upstream  stator 
row.  Using  this  model,  the  wakes  are  varied  in  both  depth  and  width  to  show  their 
effect  on  the  cascade  mate  flow  capacity.  In  order  to  realistically  model  the  actual 
compressor,  the  differing  number  of  rotor  and  upstream  stator  blades  must  also  be  taken 
into  account.  This  is  done  In  tha  present  study  by  calculating  over  four  rotor 
passages  to  represent  the  approximately  3t4  stetor  to  rotor  blade  ratio  In  tha  actual 
machine.  Other  blade  ratios  are  also  calculated  to  obtain  tha  information  about  tho 
affect  of  woke  pasting  frequency  on  the  mesa  flow  capacity. 
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DESIGN  OPERATING  POINT 


OPERATING  POINT  IP 
DOWNSTREAM  STAGE 
OVERFLOWS 


Figure  1 1  Blade  Bow  IntorMtion  Effect  on  Compressor  Design  Point. 


Equations 

The  unstoady  flowfiold  resulting  from  blade  row  interaction  In  a  transonic  or 
■uparsonic  compressor  is  by  definition  complex,  consisting  of  unsteady  shock  patterns, 
shook-boundary  layer  interactions,  and  separation  regions.  In  order  to  capture  both 
tho  inviscid  and  viscous  flow  features,  the  governing  equations  used  for  this  analysis 
are  the  unstoady  two-dimensional  Reynolds  averaged  Navior-Stokoe  equations  written  In  a 
quasi-threo-dimensional  formulation.  These  equations  aro  written  in  terms  of  the 
mass-averaged  variables  for  general  curvilinear  coordinates  as  follouat 
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and  the  stress  components  are  given  byt 

-  ip 

Auxiliary  relationships  used  are  the  equation  of  etete  for  a  perfect  gas, 
Sutherland' a  viscosity  relation,  and  the  molecular  Pundit  number  lor  air,  PrwS.12. 
Streasttuba  contraction  la  appliad  in  tha  axial  direction  through  the  use  of  the 
contraction  factor,  d(x).  The  contraction  profile  ia  taken  directly  from  streamline 
pattern  determined  in  the  axi-symawtric  method  used  to  deaign  tha  cascade.  In  the 
pretest  calculation  this  contraction  ia  approximately  It*  through  the  Oiede  passage. 
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Turbulence  Modal 

The  turbulence  model  employed  is  a  modified  form  of  the  Baldwin-Lomax  algebraic 
eddy  viscosity  model  [7}.  Although  this  model  was  originally  developed  for  steady  flow 
situations  it  is  used  in  this  unsteady  problem  for  lack  of  a  model  better  suited  to 
unsteady  flow  calculations.  Two  separato  flow  regions  are  assumed  in  the 
implementation  of  the  turbulence  model,  the  blade  boundary  layer  region  and  the  wake 
region  downstream  of  the  cascade.  In  the  blade  boundary  layer  region,  a  two  layer 
formulation  is  used.  In  the  inner  layer  the  turbulent  eddy  viscosity  is  given  by  the 
Prandtl-Van  Driest  expressions 

cA  -  p<kvd)2|«,|  (4) 

whore 


|u|  is  the  magnitude  of  the  vorticity,  y  is  the  di3tahco  normal  to  tho  blade  surface, 
and  K-0.4Q  is  the  von  Karman  constant.  In  the  outer  region  of  the  boundary  layer,  tho 
turbulent  eddy  viscosity  is  given  byi 

'll  *  (61 

whore  F  _  »  max(YjulD),  Y _  is  the  value  of  Y  whe-e  occurs, 

max  ’  max  max 

•  [>  ♦  5S(W'W+'  <’> 

and  X  »  0.0168,  CCp  »  1.6,  «  0.3.  The  turbulence  model  switches  from  the  inner 

to  the  outer  model  at  the  first  point  at  which  tj  £  e^.  Downstream  of  the  blades  the 

turbulent  eddy  viscosity  is  computed  by  taking  nn  exponential  decay  of  the  eddy 
viscosity  values  calculated  at  the  blade  trailing  edge  using  the  following  Qxpreselom 

s(x)  »  ‘i*,,!  •  181 

In  practice,  the  application  of  the  turbulence  model  in  the  blade  bo-ndary  layer 
region  is  limited  to  an  area  of  the  grid  within  a  third  or  a  quarter  of  the  blade  pitch 
from  the  blade  surface.  This  is  to  minimise  the  calculation  of  y  ^  at  mld-paasags 

locations  duo  to  the  influence  of  the  strong  passage  shocks  in  the  cascade.  Also,  it 
is  the  author's  experience  that  applying  the  turbulence  model  throughout  the  blade 
passage  leads  to  an  inordinate  damping  of  tire  unsteady  effects  in  the  passage. 

burner ica 1  Procedure 

The  algorithm  used  in  the  present  study  is  HacCormiok's  alternating  direction 
explicit  schema.  This  is  a  predictor-corrector  method  which  includes  fourth-order 
numerical  smoothing  in  order  to  reduce  numerical  oscillations.  A  detailed  description 
of  the  algorithm  may  be  found  in  (81. 

The  present  analysis  also  Includes  the  use  of  two  gride,  a  coatee  grid  t2J  x  42) 
to  sllov  rapid  initial  convergence,  and  a  finer  final  grid  141  x  ID))  for  better 
m solution  of  shock  patterns  and  increased  accuracy  of  the  final  solution.  The 
solution  is  initiated  on  the  coarse  grid  and  th#  majority  of  the  convergence  occurs 
there,  the  results  of  the  coarse  grid  are  then  interpolated  into  the  fine  mesh  and  the 
solution  is  allowed  to  re-converg*.  For  multiple  blade  solutions  a  converged  single 
bled*  passage  solution  la  first  obtained  with  steady  inlet  eowli clone,  this  solution 
is  then  duplicated  and  examined  in  the  remaining  blade  rows  before  the  unsteady  flow 
calculation*  Ate  initiated,  The  convergence  criteria  used  to  obtain  the  steady  state 
solution  was  defined  to  be  less  than  a  0. it  change  in  the  cascade  macs  flow  at  the 
blade  leading  edge  plane,  for  unsteady  calculttivna,  the  loading  edge  plane  mass  flow 
1*  monitored  for  convergence  to  e  periodic  state. 


The  proper  specification  of  boundary  conditions  continues  to  be  of  major  concern 
in  the  calculation  of  both  steady  and  unsteady  floor,  in  the  calculation  of  steady 
flows  whets  the  inlst  relative  Mach  number  it  supersonic,  as  in  the  present  case,  one 
•wet  satiety  the  unique  incidence  condition  and  It  is  usual  to  specify  the  upstream 
stagnation  pressure  and  tomperatute  and  either  the  inlet  relative  Mach  number  or  the 
relative  wheel  speed.  This  is  done  by  either  specifying  tbs  quantities  directly  or  by 
using  a  characteristic  variables  approach  (3,9,10).  While  having  s  superior  ability  to 
allow  pressure  waves  moving  upstream  to  omit  the  comiutatiooel  domain,  the 
characteristic  method  doss  have  the  disadvantage  that  although  the  solution  converges 
to  the  correct  values  of  tbs  hiamsnn  invariants,  it  may  not  necessarily  attain  the 
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correct  values  of  the  stagnation  quantities.  It  inust  be  recognized  however,  that  no 
set  of  inlet  boundary  conditions  will  guarantee  that  the  program  results  match  all 
upstream  conditions  when  the  inlet,  quantities  are  completely  defined.  It  is  often 
necessary  to  adjust  the  specified  quantites  to  achieve  the  dt'jircd  cascade  inlet 
flovfield  with  the  user  having  the  control  of  tho  priority  of  the  difforont  parameters. 

In  the  case  of  unsteady  inlet  conditions  the  situation  is  oven  less  clear.  For  the 
upstream  wake  effects,  the  typical  method  is  to  specify  the  wake  in  terms  of  a  velocity 
or  stagnation  pressure  distribution  in  tho  wako  relative  reference  frame  (rotor 
absolute  reference  frame).  Additional  assumptions  usually  made  are  to  hold  tho  wake 
relative  stagnation  temperature  and  stator  exit  flow  angle  constant  using  tho 
static  pressure  obtained,  from  the  solution.  This  may  be  viewed  as  applying  the  usual 
subsonic  flow  inlet  conditions  but  in  tho  absolute  reference  frame.  Quantities  in  the 
reference  frame  relative  to  the  cascade  may  then  be  obtained  through  application  of  the 
usual  velocity  triangle  relationships. 


In  tho  present  study,  both  steady  and  unsteady  flow . calculations  are  made  using' 
tho  characteristic  variables  approach.  This  method  is  necessary  because  the  downstream 
boundary  condition  used  directly  effects  mass  flow  r etcher  than  exit  static  pressure. 
During  convergence  to  a  steady  state,  this  downstream  condition  must  be  adjusted  to 
obtain  the  ’desired  cascade  back  pressure  causing  a  series  of  pressure  waves  to 
propagate  upstream  and  exit  the  computational  domain  at  the  inlet  plane.  The  unsteady 
characteristic  variable  boundary  conditon  is  then  used  for  tho  wake  calculations  with 
the  wake  profile  given  by  a  generalized  variation  in  tile  absolute  stagnation  pressure 
of  the  forsii 
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where  b  is  half  the  wake  width  and  y'  is  the  circuwfei.eut.Ul  distance  measured  from  the 
wake  centerline.  The  values  of  the  Riumann  invariants,  K,,  are  given  by  (9)t 
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Satisfying  these  four  eondlt ions  gives  the  density.  static  pressure,  and  absolute 
velocity  ctastwnsfita  as.  the  inlet  plane  (i.c.  fhe  stator  exit  flow  variables).  The 
njtot  inlet  values  ate  then  obtained  through  the  »or*al  velocity  triangle  relatione  I  by 
uieply  adding  the  wheel  ayecd  to  the  eireuafercntial  velocity  co»}»«e»sl . 

©own*  treat*  boundary  condition*  .are  alee  altered  in  the  case  of  unsteady  inlet 
flows,  hot  steady  flews,  the  norwul  method  Is  to  assume  that  the  exit  boundary  Is 
sufficiently  far  dewnsttea*  that  the  static  pressure  can  he  takes  in  tec  uniform.  This 
aasusiea  that  the  inlet  stagnation  pressure  la  uni  font,  which,  as  noted  afccve,  is  set 
the  case  for  an  ineewing  wake  profile.  The  correct  dawnst ream  cenditsw  for  unsteady 
inlet  flews  allows  the  exit  plane  statin  pressure  to  he  nen-ufUforn.  but  with  a 
specified  average  value.  Since  the  static  pressure  distribution  is  obtained  frees  the 
solution,  the  dewc.st?«»*tt  eanditien  must  also  es**e  fro#  the  solution,  cne  method  in  do 
this  is  to  nodci  the  physical  throttling  process  that  eccui*  in  an  actual  cascade  test. 
When  a  cascade  or  blade  tow  is  throttled  its  mass  flew  is  reduced  resulting  in  an 
increase  In  the  level  of  the  downstrea*  static  pressure.  Therefore,  the  Introduction 
of  a  physical  these  point  in  the’ flew  dowsstreass  of  the  blade  tow  with  supersonic  exit 
condition*  at  the  grid  exit  plane  sivsold  produce  the  s*ste  results.  An  approach  using 
thi*  rsethsd,  which  has  been  successful ,  was  used  by  Scott  M!  who  introduced  a  second 
row  of  bedfe*  downstrean  of  the  ease  ad.  to  act  as  a  variable  area  noasie.  While  this 
netbod  produces  the  desired  pressure  rise,  the  method  dees  not  easily  generalise  to 
throe  distensions,  and  the  upstream  potential  effect  of  the  mosaics  cn  the  cascade  flow 
has  not  yet  been  fully  explored.  An  alternative  approach,  which  ha*  been  developed  in 
this  effort,  is  to  sedei  tho  choke  point  through  the  introduction  of  hsat  sources 
across  the  pitch  at  sons  axial  location  downstteea  of  the  blade  rew  and  apply 
supersonic  eonditeha  at  the  exit  plane.  The  effect  of  these  sources,  a*  shewn  in  Pig. 
2.  is  to  cause  the  exit  flew  near  the  source*  (the  axial  cwpwnent  of  which  is 
subsonic)  to  wove  along  the  Rayleigh  line  until  it  reaches  the  sonic  point  which  is  the 
point  of  wsxiaua  hosting  for  that  wash  flow.  At  thie  r^int  the  flow  has  fcecoae  choked 
and  any  additional  heat  input  trill  cause  the  flow  to  twain  choked,  but  wove  to  a  lower 
sate  flow.  Th»  value  of  the  heat  sources  is  calculated  using  the  Rayleigh  flow 
equations  and  the  flowfield  parameter*  tuken  frow  the  results  of  a  calculation  dene  for 
the  cascade  using  a  supersonic  exit  condition.  (Sacs  the  value  of  heat  addition  per 
unit  mass  flow  required  to  choke  the  slow  has  boon  date  reload,  the  actual  boat  source 
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Figure  2:  Thermal  Choking  Boundary  Condition. 


value  is  calculated  at  each  time  step  taking  into  consideration  the  local  mass  flow  and 
grid  dimensions.  Of  course,  this  value  of  heat  addition  will  only  choke  the  original 
supersonic  outflow  (which  has  the  highest  mass  flow  rate)  and  the  value  of  heat 
addition  must  be  adjusted  (upwards)  to  obtain  the  desired  pressure  rise  as  the  solution 
proceeds.  Normally,  this  adjustment  is  done  during  the  coarse  grid  iterations  and  thuB 
may  be  accomplished  rather  rapidly.  Alternatives  to  the  heat  source  method  used  here 
is  the  introduction  of  sources  of  mass  flow  or  friction  (Fanno  tlow) ,  or  a  localized 
contraction  in  the  streamtube  thickness.  These  other  mechods  have  boon  used  with  the 
heat  sources  yielding  the  best  results. 

Other  boundary  conditions  required  in  the  solution  of  the  Navior-Stokes  equations 
are  the  solid  boundary  conditions  and  blado  row  periodicity.  At  the  blade  surface  the 
■no-slip  condition  is  required  and  the  normal  derivatives  of  both  pressure  and 
temperature  are  zero.  For  the  case  of  the  presont  investigation  the  specification  of 
the  periodicity  conditions  must  also  take  into  account  tho  differing  numbers  of  stator 
and  rotor  blades  Th<s  may  either  be  done  using  a  time-lagged  periodic  condition  111) 
or  by  calculating  over  soveral  blade  passages.  In  the  present  study  tho  lattor  method 
was  used  because,  although  it  does  requiru  moro  computor  storage,  it  provides  for 
faster  convergence  than  the  time-lagged  method .  Boundary  conditions  used  in  tho 
present  investigation  are  summarized  in  Fig.  3. 


The  Grids 


Tho  computational  mesh  used  consists  of  quaai-utroamlinos  and  quasi-pitchwlse 
lines  arranged  to  produco  noar-orthogor.a*ity  at  all  grid  boundaries.  A  mothod  based  on 
that  of  Sorenson  (12)  is  usod  to  gonorato  this  mesh  by  solving  Poisson's  equation. 
This  method  was  modified  to  allow  redistribution  of  grid  lines  up-  and  downstream  of 
tho  blade  row  to  remove  regions  which  contain  undesirod  pitchwiso  clustering  or 
depletion  of  grid  linos.  Tho  resulting  grlo  has  a  smooth  overall  distribution  while 
retaining  grid  noar-orthogonality  at  the  blado  surfacos.  The  coarse  grid  usod  in  the 


Figure  3i  Boundary  Condition  Summary 
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calculations  is  generated  by  removing  every  other  grid  line  in  both  directions  from  the 
fine  grid.  This  grid  is  shown  in  Fig.  4  which  also  includes  a  detail  of  the  fine  grid 
at  the  blade  leading  edge.  An  advantage  of  this  type  of  grid  is  that  a  blade  with  a 
blunt  leading  edge  is  more  correctly  modeled  than  a  grid  using  straight  pitchwise  grid 
lines.  This  will  allow  a  more  correct  treatment  of  the  bow  shock  which  forms  at  the 
blade  leading  edge. 


Figure  4.  Coarse  Computational  Grid  With  Fine  Grid  heading  Edge  Detail. 


Sample  Calculations 

To  provide  a  better  understanding  of  the  unsteady  flow  phenomena  that  arise  in  tho 
blade  wake  interaction,  samples  of  both  steady  and  unsteady  flow  calculations  are 
presented.  The  steady  flow  example  is  providod  to  show  that  while  tho  leading  edge 
mass  flow  has  converged  to  tho  required  steady  state  criteria,  the  resulting  flowfield 
is  far  from  steady.  Tho  steady  solution  is  obtained  after  convergence  on  both  the 
coarse  and  fine  gride  using  the  wake  upstream  boundary  conditions  with  a  wake  depth  of 
sera.  Using  a  t'ero  wake  depth,  the  boundary  condition  remains  valid  for  steady  flow 
while  allowing  any  effects  of  the  wake  boundary  condition  to  be  removed  during 
convergence.  As  can  be  seen  from  Fig.  S,  which  presents  tho  results  from  a  single 
blade  calculation  200  iterations  apart,  large  vorticies  are  periodically  generated  and 
shed  along  tho  suction  surface  near  the  trailing  edge.  This  results  in  a  small  regular 
oscillation  in  ton  leading  edge  plane  mass  flow  although  this  does  not  cause  any 
visible  unsteadiness  itt  the  upstream  shock  pattern  in  the  inlet  region.  Note  that 
while  the  calculation  presented  here  is  for  a  single  blade  row,  two  olado  passages  are 
presented  to  oaphaslro  the  periodicity  in  the  inlet  shook  structure.  The  large 
concentration  of  contours  near  the  exit  plane  Indicates  the  presence  of  the  heat 
sources  used  in  the  downstream  boundary  condition. 

Once  the  steady  soiution  has  been  obtained,  calculations  using  the  u&iteady 
upstream  boundary  condition  are  initiated.  The  results  of  a  sample  calculation  of  the 
unsteady  wake  flow  in  four  blade  passages  are  presented  it  Fig,  5.  This  figure  shows  a 
“snapshot*  of  the  four  blade  passage  solution  showing  both  stagnation  pressure  and  Nach 
number  contours.  The  effect  of  the  wake*  is  clearly  evident  in  the  Naeh  number 
contour*  as  a  variation  in  the  inlet  chock  structure  and  movement  in  the  foot  of  the 
passage  shock  between  passages.  Of  >'n'tioular  note  is  the  way  in  which  the  wakes  are 
chopped  into  individual  segments  which  remain  isolated  as  they  pass  through  the  blade 
row.  This  it)  most  visible  in  the  stagnation  pressure  contours  where  pockets  of  lower 
stagnation  pressure  may  be  seen  concocting  through  the  blade  passage. 


the  Parameter  Study 

in  order  to  examine  the  affect  of  various  wake  parameter*  on  the  unsteady  arse 
flow  swallowing  capacity  of  a  compressor  rotor  a  gene rail red  wake  stagnation  pressure 
profile  is  used.  As  mentioned  previously,  this  profile  is  specified  so  that  the  wake 
width,  defect  depth,  and  wake  spacing  may  b*  easily  varied  During  the  parameter  study 
th'  wake  shape  was  kept  constant  with  variations  made  in  the  wake  depth  and  tne  state; 
rotor  blade  ratio.  To  model  different  blade  ratios,  calculation*  veto  made  with 
several  combination*  of  rotor  bled)  ptarages  And  upstream  stator  wakea.  The  blade 
ratio  is  expressed  as  sir  where  8  is  the  number  of  stator  wake*  and  R  is  the  number  of 
rotor  blade  passages  calculated,  five  ratios  usad  were  lil.  Ji3,  end  lea  (which 
approximates  the  actual  machine  value!.  Tho  specification  of  a  constant  wake  shape  and 
different  blade  ration  exposes  the  rotor  to  wake*  that  ail  look  the  caste  but  which  are 
spaced  differently.  The  wake  depth*  used  were  8,  10,  end  is*  ol  the  invisuid  value  of 
the  stagnation  pressure,  Pol,  used  in  the  wake  description  (»).  The  wake  widths  used 

were  13.),  26.7,  and  40*  of  the  stator  spacing  in  the  It*  blade  ratio  case.  These 
values  ware  chosen  to  give  a  woke  shape  approximating  that  found  experimentally.  To 
maintain  a  thermodynamically  equivalent  inlet  condition  a  separate  analysis  was 
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performed  to  calculate  the  mass  averaged  flow  values  at  the  inlet  plane  by  integrating 
the  stagnation  pressure  profile  while  holding  the  absolute  stagnation  temperature, 
static  pressure,  stator  flow  angle,  and  wheel  speed  constant.  This  provided  the 
inviscid  value  of  stagnation  pressure  which  was  specified  in  the  wake  profile  to 
produce  a  mass-averaged  inlet  stagnation  pressure  equivalent  to  the  steady  state  value. 

The  results  of  this  parameter  study  are  shown  in  Figures  7  and  8.  The  effect  of 
the  upstream  blade  wakes  is  to  increase  the  mass  flow  swallowing  capacity  in  the  case 
of  smaller  wakes  and  decrease  the  mass  flow  for  the  largest  wake.  This  change  in  mass 
flow  capacity  is  also  found  to  be  nearly  independent  of  the  stator-rotor  blade  ratio. 
The  increase  in  capacity  may  be  understood  by  again  considering  Fig.  6  which  shows  the 
results  for  the  58  wake  depth,  3i4  blade  ratio  case.  This  figure  shows  that  the  foot 
of  the  passage  shock  experiences  a  periodic  movement  into  the  passage,  resulting  in  a 
localized  increase  in  mass  flow  for  that  passage.  This  movement  is  perhaps  due  to 
interference  between  the  wake  and  the  upstream  shock  structure,  causing  :  reduction  in 
the  shock  strength.  As  the  wake  depth  increases  the  "negative  jet"  effect  of  the  wake 
is  no  longer  compensated  for  by  the  movement  of  the  passage  shock.  For  larger  wakes, 
this  "negative  jet"  effect  occupies  a  sufficient  portion  of  the  passage  to  cause  the 
overall  mass  flow  defecit.  It  is  expected  that  the  mass  flow  capacity  of  the  blade  row 
will  decrease  further  for  deeper  wakes. 


Conclusions 

This  paper  has  presented  the  results  of  a  computational  study  of  the  effect  of 
blade  wake  parameters  on  the  mass-flow  swallowing  capacity  of  a  transonic  compressor 
rotor.  The  results  of  this  study  indicated  that  in  a  typical  close-coupled  stage  the 
presence  of  upstream  stator  wakes  can  cause  a  downstream  rotor  row  to  overflow  by  as 
much  as  four  percent.  The  parameter  study  showed  that  the  amount  of  this  overflow 
roaches  a  maximum  for  the  smaller  of  the  wakes  studied  and  becomes  a  mass  flow  defecit 
as  the  wake  deepens.  Those  results  indicate  that  the  presence  of  blade  row  wake 
interactions  does  effect  the  mass  flow  swallowing  capacity  of  a  transonic  cascade.  By 
not  taking  those  effects  into  account,  the  compressor  designer  may  miss  the  original 
mass  flow  objectives  of  the  designed  machine. 
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DISCUSSION 


P.  FhtiimI 

Ave*  vous  etudier  votra  ecoulement  instationnaire  sur  nn  seul  canal  interaube  ou 
sur  plusieurs;  dans  la  premier  cas  quelle  condition  de  periodicite  instationnaire 
impose z  vous? 


Avez  vous  fait  une  analyse  de  la  frequence  du  sillage  a  l'aval  de  la  grille? 
Retrouvez  vous  la  meme  Vitesse  de  defilement  que  celle  que  vous  imposes  a  l'amant? 
N'y  a  t'il  pas  d ' interaction  entre  la  perodicite  spatiale  des  aubos  (nombro 
d'aubes)  et  la  periodicite  temporelle. 


Author**  Reply 

The  calculations  were  performed  for  several  different  numbers  of  blade  passages. 
In  multi-passage  cases,  the  periodicity  condition  is  imposed  only  at  the  top  and 
bottom  of  the  multiple  passage  "block."  The  other  blade  passage  boundaries  within 
this  "block"  are  then  treated  as  any  other  internal  grid  line. 

The  shedding  frequency  was  not  directly  studied  although  it  was  noted  that  for 
steady  inflow  conditions  (no  wakes)  in  a  multiple  passage  case  the  downstream  wake 
structure  varies  from  passage  to  passage  apparently  due  to  randomness  in  the 
calculated  separation  point. 


T.  D*rrt*n 

Could  you  develop  or  give  some  references  about  quasi-3D  formulation  where  viscous 
terms  and  turbulent  modelling  are  included? 


Author’*  Reply 

References  which  have  included  a  description  of  a  quasi-3D  formulation  are  those 
of  Scott(9)  and  Schafer,  et.  al.  [13],  although  neithor  of  these  describe  any 
contraction  effects  in  the  turbulence  modelling. 


The  quasi-3D  formulation  used  in  tho  present  study  takes  into  account  the 
streamtubo  contraction  in  both  the  mean  flow  and  viscous  terms  of  the  governing 
equations.  The  contraction  is  also  taken  into  account  in  the  turbulent  modeling 
sinco  the  viscosity  used  in  the  viscous  terms  is  a  combination  of  both  the 
molecular  and  turbulent  viscosities  as  described  in  (8],  Additionally, 
contraction  offects  are  also  found  in  the  artificial  damping  terms  which  use 
second-derivatives  of  pressure  to  monitor  tho  spatial  change  in  the  solution. 


[13]  Schafer,  0,,  et.  al.,  "Application  of  a  Navlor  stokes  Analysis  to  Flows 
Through  Plane  Cascades,"  ASHE  paper  85-GT-56. 


J.  G.  Moo#* 

While  tho  calculated  mass  flow  rates  were  sensitive  to  wake  size  they  wero 
insensitive  to  the  wako  froquoncy.  Doos  this  indicate  that  tho  variation  in  mass 
flow  rate  could  be  calculated  with  a  steady  flow  calculation  or  quasi-stoady 
calculation  whero  the  vakos  are  considered  fixad  in  space  rolativu  to  the  rotor? 


Author**  Reply 

Although  the  mass  flow  values  presented  do  show  an  insonsivity  to  wako  frequency 
it  should  bo  noted  that  those  values  are  averages  of  the  unsteady  mass  flow 
obtained  from  the  solution.  The  time  history  of  tho  mass  flow  at  the  leading  edge 
plane  of  each  blade  passage  was  recorded  and  then  averaged  to  give  the  values  in 
Figures  7-8.  While  tills  average  was  fairly  steady  in  time,  tho  individual  blade 
passage  mats  flows  had  considerable  fluctuation  with  increasing  amplitude  as  tho 
upstream  wako  deepened.  Therefore  a  quasi-steady  analysis  perhaps  be  done  by 
placing  a  stationary  wake  profile  at  several  circumferential  locations  relative  to 
the  blade  passage  and  thon  averaging  the  results  of  the  separate  stats  flow*. 


H.  P.  Modaofi 

Would  the  author  please  explain  why  the  centre  lines  of  the  wakes  appear  to  be 
oriented  with  the  rotor  relative  flow  direction. 


WwOf  f  IWWf 

Part  of  the  wake  orientation  is  due  to  the  rotor  operating  with  a  counter-swirling 
inlet  flow  of  approximately  20  degrees.  A  isors  llkoiy  reason  It  that  tharo  exists 
•one  deficiency  in  the  numerical  algorithm  which  causes  the  wako  flow  to  stove  in 
the  diraotion  of  the  grid  lines  in  the  inlet  region. 
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A  NUMERICAL  STUDY  OF  THE  3D  FLOWFIELD  IN  A 


W.N.  Dawes, 

Whittle  Laboratory, 
Madingley  Road, 
Cambridge  CBJ  ODY, 
U.K. 


SUMMARY 

^Modelling  the  complex  flowfield  in  a  transonic  axial  compressor  rotor  is  a  considerable 
but  worthwhile  challenge  for  flow  prediction  methods.  This  paper  describes  a  computer 
code  aimed  at  solving  the  equations  of  three  dimensional  viscous  compressible  flow  in 
turbomachine  geometries. 

The  code  is  applied  to  the  study  of  the  flowfield  in  a  transonic  axial  compressor 
rotor  at  design  speed  at  both  maximum  flow  and  towards  stall.  The  rotor  was  designed 
at  DFVLR  and  tested  using  laser  two-focus  velocimetry.  The  rotor  has  a  hub-tip  ratio 
of  0.5  and  design  speed  of  20260  rpm.  At  the  design  point  the  rotor  pressure  ratio  is 
1.626  and  the  mass  flow  17.1  kg/s. 

The  predicted  flowfield  is  compared  with  the  laser  measurements  and  the  performance 
of  the  code  discussed.  In  addition  the  discussion  highlights  the  changes  in  the 
predicted  endwall  and  tip  clearance  flows  as  the  rotor  operating  point  is  moved  towards 
stall. 


INTRODUCTION 

There  are  large  inefficiencies  in  tronsonio  compressor  rotors,  especially  towards 
the  endwalls.  Minimising  the  weight  and  drag  of  an  aeroengine  requires  tho  mass  flow 
per  unit  frontal  area  to  bo  maximised.  This  forces  designers  to  use  high  axial  Mach 

numbers  and  low  hub-tip  ratios.  The  latter  means  that  the  rotor  flowfield  will  bo 
highly  three-dimensional  and  the  former  means  that  complex  shook  structures  may  exist. 

One  of  the  reasons  for  shortfall  in  effioienoy  is  undoubtedly  tho  oomplcx  3D  coupling 
between  tho  invisoid  bulk  flow  and  shook  system  and  the  blade  and  endwall  boundary  layers. 

Tho  stage  presoure  ratio  is  a  strong  funotion  of  tangential  blado  Naoh  number  Mr[,  and 
the  stago  temperature  rioe  increases  with  the  square  of  MT  (with  corresponding  variation 

of  stago  pressure  ratio).  Thus  the  fan  of  a  typical  high  bypass  turbofan  ongine  with  a 
stage  pressure  ratio  of  1,6  to  1.7  will  run  with  Up  »  1.6  at  the  tip  and  at  an  axial 

Mach  number  of  0.7.  The  performance  of  this  fan  has  a  significant  impaot  on  the  overall 
performance  of  the  engine.  At  II  point  inoreaos  in  fan  effioienoy  is  worth  about  0,71 
points  saving  in  a.f.o, 

Conventional  viaaous/shook  loss  mechanisms  do  not  seem  able  to  acoount  for  the  apparent 
measured  inefficiency  of  the  outboard  supersonic  part  of  a  transonic  fan  (1).  Kerrebroek 
discusses  additional  loss  mechanisms  which  may  be  active.  They  include  strong  radial 
flow  in  the  rotor  wakes  (enhancing  flow  non-unifomity  and  mixing  losses)}  flow 
unsteadiness  relative  to  tho  rotor  (possibly  due  to  rotor-stator  interaction)!  shook- 
indueed  boundary  layer  interactions)  and  tip  clearance  flows.  It  is  known  that  tip 
olearanoo  has  a  significant  effeot  on  efficiency.  Rotor  loss  coefficients  are  not  only 
increased  in  the  tip  region  itself  but  also  as  far  as  301  of  span  Inboard  from  the  tip. 

An  increase  in  clearance  to  span  ratio  of  11  point  may  lead  to  an  efficiency  penalty  of 
1  to  2%  points.  It  is  also  believed  that  the  flow  in  the  clearance  region  playa  a 
key  role  in  determining  the  stability  of  the  stage.  Measurements  show  large  reductions 
in  stall  Mr.rgin  for  quite  small  increases  in  clearance. 

To  understand  these  complex  phenomena  it  seeaa  essential  to  develop  fully  three 
dimensional  flow  models  with  appropriate  allowance  for  viscous  effect*.  The  current 
paper  outlines  an  efficient  implioit  algorithm  solving  tho  JD  compressible  Reynolds  averaged 
Navler-Stokcs  equations  in  turbomachinery  geometries.  The  cede  is  then  used  to  study 
the  flowfield  in  s  low  hub-tip  ratio  axial-flow  transonic  compressor  rotor  with  a  modelling 
of  the  tipelearanee  flow.  The  predicted  flowfield  is  compared  with  laser  veloaimetry 
measurements.  The  behaviour  Of  the  predicted  clearance  flow  is  discussed. 
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EQUATIONS  OF  MOTION 


The  three-dimensional  Reynolds  averaged  Navier-Stokes  equations  are  written  in 
finite  volume  form  and  cast  in  the  blade-relative  frame  using  cylindrical  coordinates 
(r,  6,  x)  [23: 


n  UdVOL  =  4  H.dlRES  +  4  pSdVOL 

tt/\t  ■  4  '  t 


pWxq  +  fix 
rpW0q  +  |i0 

PWrq  +  rip 


^  +  rR2  +  2RWg 


with  q  =  Wxix  +  Wrip  +  W0i0,  the  relative  velocity;  !)=  rotation  speed;  t  =  the  stress 

tensor  (contining  both  the  static  pressure  and  the  viscous  stresses);  and 
I  =  “  J(flr)1,  the  rothalpy.  The  system  is  closed  by  an  equation  of  state 

p  =  p(y-l)(E  -  0.5*(q.q  -  (Or)1)) 

and  a  mixing  length  turbulenoe  model  patterned  after  Baldwin  and  Lomax  [3], 

NUMERICAL  SOLUTION  PROCEDURE 
Finite  Volume  Formulation 

The  governing  aquations  (1)  are  written  in  integral  conservation  form  and  the 
numerical  discretization  is  designed  to  mimic  this.  We  divide  the  computational  domain 
into  hexahedral  cells  and  store  the  variables  0  =  (p»pWx,  rpw0,  pWr,  pE)at  cell  oonters 

(ijk),  The  integrals  in  the  equations  are  replaced  by  discrete  summation  around  the 
faoes  of  the  computational  cell. 

■  J  ,xm- 

CELL(ijk) 

♦  ()8iJkAV0LiJk  (2> 

Pluxes  through  coll  faces  are  found  by  linear  ineerpoatiori  of  density,  volooity,  etc., 
between  cell  centers  and  so  the  formal  spatial  aoouraoy  in  ueoond  order  on  smoothly 
varying  meshes  and  global  conservation  is  ensured.  Viscous  stresses  are  computed  by 
defining  a  local  ourvllinear  coordinate  system  and  the  ohain  rule. 

Artificial  Visaoaity 


An  adaptive  artificial  visoosity  term  recommended  by  Jameson  (*1)  io  sdded  to  the 
discretised  equations  (2)  to  control  odd-even  point  solution  decoupling  and  to  suppreao 
osoillationa  in  regions  with  strong  pressure  gradients.  Equation  (2)  becomes 


VOtiJk  *  P<3>ijk  - 
whole  8  is  the  dissipative  operator. 

the  artificial  viscosity  term  has  the  fora 

8(0)  »  ♦  Oj  ♦  8^ 

where  D, ,  0,  and  t)K  represent  the  contributions  from  each  of  the  curvilinear 
coordinate  ttifeotiens.  Each  contribution  is  written  in  conservation  fore  at,  for 

DI  *  diel/2jk  “  Vl/ajk 
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The  right-hand  side  terms  have  the  form 

.  .  AVOL  (2)  .  „  , 

“i+l/2jk  '  "ST  ci+i/2jk  tui+ljk  uijkJ 

'  ci+l/2jk  <Ui+2jk  "  3Ui+ljk  +  3Uijk  '  ^-Ijk5  W 

The  coefficients  and  are  determined  by  the  flow  in  a  self-adaptive  manner 

ei+l/2jk  s  k(2>  AMIN1  (0*5>(l,ijk  +  *i+ljk>*°-5) 

ei!l/2jk  1  AMAX1(0->  «(°  -  aeUU2i*» 

where 

*ijk  =  IPi+ljk  “  2pijk  +  pi-ljkl/(Pi+ljk  +  2pijk  +  Pi-ijk5 

In  the  current  eff'  ’t  we  have  used  values  for  constants  of  Kv  '  =  1,  K  =  0.01, 
o=2.  Numerical  experimentation  showed  that  the  dissipation  in  directions  normal 
to  solid  boundaries  should  be  set  to  zero  to  avoid  masking  the  physioal  viscosity. 

Boundary  Conditions 

A  variety  of  boundary  conditions  is  employed  in  the  current  study. 

At  inflow,  total  temperature  and  pressure  are  fixed  and  either  flow  angle  or  absolute 
swirl  velocity  held  constant  depending  on  whether  the  relative  flow  is  subsonic  or 
supersonic.  At  outflow  the  hub  static  pressure  is  fixed  and  radial  variation  derived 
from  the  simple  radial  equilibrium  equation. 


The  finite  volume  mesh  is  constructed  so  that  cell  faces  lie  on  solid  surfaoes 
(blades,  hub,  and  casing)  an!  along  the  periodic  boundaries  up  and  downstream  of  the 
blade  row.  Consequently,  colls  adjuoeiit  to  periodic  boundaries  are  updated  just  as  if 
thoy  were  interior  cells  with  the  flux  across  the  periodic  boundary  formed  from  linear 
interpolation  betweon  variables  stored  at  the  centers  of  the  aells  on  either  side  of 
the  boundary . 


For  cello  adjacent  to  solid  boundaries,  zero  fluxes  of  mass, momentum,  and  energy  are 
imposed  through  the  oell  face  aligned  with  the  solid  boundary.  In  addition,  boundary 
conditions  must  be  devised  for  the  wall  static  pressure  and  wall  shear  stress i  these 
two, acting  on  the  wall  cell  face,  are  used  in  updating  the  momentum  and  energy  equations 
for  the  cells  adjacent  to  the  solid  walls.  Wall  static  pressure  is  found  by  setting  the 
derivative  of  pressure  normal  to  the  wall  equal  to  zero.  This  is  an  aooepted  high 
Reynolds  number  approximation  to  solving  the  normal  momentum  equation.  To  prescribe  the 
wall  shear  stress  wo  use  the  velocities  stored  at  oell  centers  adjnoent  to  the  wall  and 
the  known  cero  value  of  velocity  on  the  wall  to  compute  the  velocity  gradients  at  the 
wall.  nie5e  gradients  together  with  tho  wall  viscosity  are  used  with  a  locally  defined 
curvilinear  coordinate  system  to  oompute  the  wall  shear  stresses.  If  the  mesh  spacing 
near  the  wall  is  too  coarse  to  resolve  the  boundary  layer  then  wall  shear  stresses  are 
set  to  sero. 


Preiiroocsaed  Algorithm 


The  diseretiBed  equations  arc  time-marched  using  an  implicit  preppoeeeaed  algorithm 
described  in  references  (5)  and  (6).  In  outline,  we  define  a  residue,  ft*,  by  the  two 
steps! 


Rijk  '  ipijV  5ijkJ 

“ijk  *  Qljk  *  fi.ijk 


(S> 


%\t  *  (Kijk  *  V* 

W«  than  update  the  variables  by  solving  the  implicit  set  of  equations! 


.  .jit*, 

dVOL* 


HHi]  [: 


rtt» 

4V0LJ 


(6) 


where  ct,  and  are  free  parameter*  (of  order  unity),  lj,  *j  and  1^  are  th»  spectral 

radii  of  Che  dscobians  associated  with  the  convective  flutes  in  the  1,  J  and  S  direction*, 
and  djj#,  for  exeaple,  represents  (fj,j  -  3#f  ♦  eI#J).  Yhe  left-hand  side  is  factored 

into  three  tridiagonal  matrices  for  efficient  inversion. 
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Although  in  principle  the  algorithm  can  be  made  stable  for  any  size  time  step  by 
suitable  choice  of  the  free  parameters,  gj,  £j  and  in  practice  it  is  found  that  there 

is  an  optimum  range  of  time  steps  which  leads  to  minimum  number  of  steps  to  convergence. 
Extensive  numerical  experimentation  for  a  range  of  geometries  showed  that  larger  time 
steps  required  larger  values  of  e  for  stability  and  that  after  a  certain  point  the 
solutions  became  too  smoothed  during  the  transient,  delaying  convergence.  It  was  found 
that  CFL  numbers  in  the  range  2-5  were  optimal  with  associated  values  of  e  equal  to 
unity.  For  the  results  presented  in  this  paper,  the  CFL  number  was  2  and  Sj  =  Sj  =  eR  =  1 


Multigrid  convergence  acceleration 

The  present  effort  is  concerned  with  steady  solutions  so  a  multigrid  acceleration 
technique  [4j,  [7]  is  used.  The  basic  principal  of  multigrid  is  to  take  advantage  of 
the  fact  that  the  finite  volume  residue,  t equation  5),  has  errors  over  the  whole 

range  of  wavelengths  which  can  be  supported  by  the  mesh.  The  time  marching  algorithm, 
equation  (6),  is  efficient  at  elminating  the  short  wavelength  components  of  this  error, 
but  much  less  so  for  higher  wavelengths.  So  we  define  a  succession  of  ever  coarser 
meshes,  typically  by  deleting  every  other  mesh  line,  derive  an  appropriate  representation 
of  the  residue  on  each  mesh  and  use  the  basic  time  marching  solver,  equation  (6),  to 
reduoe  the  level  of  the  error  associated  with  the  current  mesh.  Thus,  sweeping  through 
the  meshes  should  allow  each  of  the  wavelengths  in  the  residue  error  to  be  attacked 
with  optimum  efficiency.  The  multigrid  recipe  is  as  follows: 

(1)  Update  finest  mesh  variables  using  the  basic  time  marching  solver,  equation  (6), 
repreiented  by 

LhAUh  =  Rh(Uh)  +  Ph  (7) 

Here  Ub  is  the  variable  (P»PVX  etc.)  on  the  finest  mesh,  h,  Rh  is  the  fine  mesh  residue, 
Lh  is  the  fine  meBh  imploit  operator,  fiU*1  is  the  correction  to  the  fine  mesh  variables, 


Uh  =  Uh  ♦  AUh  ( 

and  Ph  is  the  forcing  function  (zero  on  the  finest  mesh). 

(ii)  Collect  residues  and  variables  to  the  next  mesh,  the  2h  mesh,  using  a  suitable 
collection  operator,  I^h,  and  define  a  forcing  funotion  P>h: 

U,h  a  i‘h  Ub 

P,h  «  I,’h  R!,(Uh)  -  R,hlU>h)  ( 

The  collection  operator  performo  a  volume  weighted  average  to  maintain  conservation 


E,'hUh  »  ^&UhAVQLh/  ^AVOLh 


with  the  sum  being  over  the  fine  moon  oells  gathered  together  to  form  the  next  mesh 
cell.  This  procedure  also  eliminates  error  with  twice  the  wavelength  of  the  fine  mesh 
which  cannot  be  supported  on  the  next  mesh. 

(ill)  Update  current  mesh  variables  using  the  basic  time  marching  solver 


L,h  au,!i 


n‘"co,h)  ♦ 


The  forcing  function  guarantees  fine  mesh  accuracy  by  causing  the  coarse  mesh  solution 
to  be  driven  by  the  fine  mesh  residues. 


1 1 and  update  the  finest  mesh  variables 


to  the  finest  mesh  using  a  prolongation  operator. 


„h  ,  ,h  « h  .  *  t  ^ 
U  »  u  ♦  i||(  dv 


Till*  prolongation  must  not  reintroduce  errors  on  the  finest  mesh  eliminated  in  step  (W 


This  multigrld  procedure  is  illustrated  by  application  to  the  20  test  case  of 
transonic  shocked  flow  past  a  channel  hump  l the  shock  is  strong  enough  to  cause  the 
boundary  layer  to  separate);  The  basic  fine  mesh  is  a!  x  25  and  two  levels  of  coarsening 
give  meshes  of  tl  x  13  and  then  21  x  7.  Predicted  Mach  number  contour#  and  Velocity 
vectors  are  shown  in  Pig.  i|  convergence  histories  are  shown  in  Pig.  2.  Roughly 
speaking,  the  first  level  of  aultigrid  halves  the  number  of  time  steps  to  eenvergen?ei 
introducing  the  second  level  produces  similar  improvements.  Further  level#,  however, 
wive  no  further  gains  as  the  meshes  are  just  simply  too  coarse. 
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APPLICATION  TO  THE  TRANSONIC  COMPRESSOR  ROTOR 

The  code  is  applied  to  the  study  of  the  three-dimensional  flwofield  in  the  axial 
flow  single  stage  transonic  compressor  rotor  tested  using  laser-two-focus  velocimetry  at 
the  DFVLR  [8,9]  The  compressor  rotor  has  an  inlet  tip  diameter  of  0.4  m,  a  hub-tip  ratio 
of  0.5,  and  tip  solidity  of  1.34.  The  design  total  pressure  ratio  is  1.626  with  a  mass 
flow  of  17.1  kg/s  at  20260  rpm.  The  compressor  flow  path  with  the  laser  velooimeter 
measuring  stations  is  shown  in  Fig.  3;  the  compressor  stage  performance  is  shown  in 
Fig.  4  with  the  maximum  efficiency  point  indicated. 

The  computations  were  performed  with  an  attempt  to  resolve  the  tip  clearance  flow. 

A  17  x  41  x  17  finite  volume  mesh  was  used,  illustrated  in  Fig.  5.  The  mesh  is  refined 
exponentially  near  blade  suction  and  pressure  surfaces  and  in  the  radial  direction  cells 
are  concentrated  near  the  casing  and  stretched  away  toward  the  hub.  The  blade  tip  is 
treated  rather  crudely  by  simply  reducing  the  blade  thickness  smoothly  to  zero  and  then 
applying  periodic  boundary  conditions  between  the  tip  itself  and  the  casing.  The  tip 
clearance  was  taken  to  be  1.5  nun,  i.e.  1.5  percent  span;  the  actual  value  is  not  known. 

Only  two  cells  are  used  in  the  clearance  region  because  of  computer  storage  constraints. 
Nevertheless  it  is  believed  that,  at  least  to  a  first  approximation,  something  of  the 
nature  of  the  clearance  flow  can  be  resolved.  Again  because  of  storage  constraints, 
no  attempt  was  made  to  model  the  hub  boundary  layer  and  an  inviscid  solid  surface  boundary 
condition  imposed.  It  is  believed  that  thi3  will  not  affect  the  solution  over  the 
majority  of  the  blade  height  but  clearly  may  affect  the  computed  mass  flow-pressure  rise 
characteristics  of  the  stage.  The  mesh  spacing  is  fine  enough  near  blade  surfaces  and 
casing  for  the  centers  of  cells  adjacent  to  the  solid  surfaces  to  be  at  If  a  10. 

This  gives  marginally  acceptable  resolution. 

The  code  executes  at  about  5  x  10~’s  per  unit  point  per  time  step  on  a  Perkin-Elmer  3230 
minisystem  (=  5  x  10"  s  on  an  IBM  370).  Using  a  spatially  varying  time  step  with  CFL 
number  around  2  and  one  level  of  multigrid,  750  time  steps  were  used  to  achieve  acceptable 

convc-gence  [rmu  poiutwise^mpW^J-dAREA  less  than  1  x  10~5). 

PRESENTATION  AND  DISCUSSION  OF  RESULTS  ( i )  Maximum  efficiency  point 

Figures  6-9  compare  contours  of  computed  relative  Mach  number  with  the  laser 
measurements  at  each  of  four  spanwise  stations.  The  relativo  inflow  Mach  number  varies 
from  around  0.95  near  the  hub  to  about  1.4  toward  the  casing  and  there  is  a  corresponding 
spanwise  variation  of  flow  character.  At  18  percent  span  the  flow  accelerates  to  just 
sonic  before  shookfree  compression.  At  45  percent  span  the  relative  inflow  is  just 
superaonie  arid  a  well-resolved  detached  bow  shock  forms.  At  this  point  flow  is  spilling 
from  one  passage  to  the  next  and  local  incidence  at  the  leading  edge  is  high.  Considering 
the  ooaraoneos  of  the  computational  mesh,  the  resolution  of  the  expan-icn-shook  pattern 
is  considered  to  be  good.  At  68  percent  span,  the  relative  inflow  Maoh  number  is  higher 
and  the  bow  shook  is  now  attached  to  the  loading  edge.  At  89  percent  span  the  measurements 
indioate  a  weak  oblique  shock  followed  by  diffusion  to  the  subsonic  exit  flow  whereas 
tho  computations  show  a  rather  stronger  shook  with  somewhat  less  downstream  diffusion. 

In  general  considering  the  complexity  of  the  flow  and  the  coarseness  of  the  mesh  the 
level  of  agreement  is  considered  to  be  encouraging.  Toward  the  exit  plane  the  computed 
Mnoh  numbers  tend  to  be  lower  than  those  measured  particularly  toward  the  hub.  This 
discrepancy  is  partly  due  to  the  coarse  mesh  underestimating  the  bloekftge.  However, 
the  discrepancy  also  arises  beoause  the  mixing  length  turbulence  model  contains  no 
correction  for  the  stabilising  effect  of  convex  curvature,  which  tends  to  rclaminariee 
the  boundary  layer  [10|  on  the  aft  part  of  the  suction  surface.  Thus,  toward  the  hub 
the  turning  is  overpredie ted  and  Mach  number  level  too  low. 

Computed  and  measured  oontourn  of  relative  Nash  number  in  the  cross-flow  plane  near 
the  blade  stacking  axis,  plane  11  in  Fig.  J,  are  compared  in  Fig.  10.  The  predicted 

high  Maoh  lumber  region  in  the  ussing-suetlon  surface  corner  associated  with  the  leakage 
Jet  is  clearly  resolved  but  smaller  in  spatial  extent  than  that  measured. 

Figure  11  shows  predicted  contours  of  relative  Haeb  number  and  relative  velocity 
vectors  in  a  blade-blade  plane  Just  near  the  casing  actually  in  the  clearance  region. 

Tho  bow  shock  causes  a  large  pressure  difference  across  the  blade  tip  which  drives  a 
strong  Jet  from  the  pressure  side  to  the  suetlon  side  starting  at  the  leading  edge. 

This  Jet  meets  and  deflects  the  incoming  flow  along  a  clearly  visible  interaction 
sons  passing  from  the  leading  edge  to  about  midchord  on  the  pressure  surface.  Over  the 
aft  Half  or  the  passage  the  flow  is  nearly  circumferential  representing  a  considerable 
axial  blockage.  Figure  U  shows  velocity  vectors  just  near  the  suction  surface. 

This  shows  the  strong  vortex  associated  with  the  clearance  flow  and  the  strongly  disturbed 
casing  end wall  boundary  layer  profile. 

The  interaction  sene  between  the  leakage  flew  and  the  Incoming  flow  corresponds  to 
the  rollup  of  the  tip  leakage  into  a  vertex  whose  core  represents  a  region  of  high  loss. 
Figure  1}  shows  predicted  entropy  contours  at  several  axial  stations  starting  at  the 
leading  edge.  A  lose  core  can  be  seen,  roving  across  the  pitch  following  the  line 
of  tho  interaction  sots*. 


Figure  111  shows  a  shadowgraph  taken  ir\  a  plane  near  the  easing  of  a  similar  transonic 
compressor  rotor  [11].  Labelled  on  the  figure  is  the  bow  shock  and  the  strong  vortex 
arising  from  the  tip  clearance  flow.  A  similar  result  and  interpretation  has  been 
reported  in  [1].  This  experimental  evidence  provides  strong  support  for  the  physical 
realism  of  the  present  computed  flow. 

One  of  the  key  parameters  in  understanding  the  effect  of  clearance  flows  on  compressor 
stability  is  the  state  of  the  casing  endwall  boundary  layer  [11].  Not  only  the 
circumferential  average  is  of  interest  but  also  any  local  thickening.  Figure  15  shows 
contours  of  axial  velocity  in  sxial  stations  from  the  lending  edge  to  the  wake.  This 
gives  a  qualitative  picture  of  the  development  of  endwall  blockage  and  shows  that  although 
downstream  of  the  blade  row  (where  conventional  measurements  are  made)  the  axial  blockage 
is  more  or  lees  circumferentially  uniform,  within  the  blade  passage  substantial  pitchwise 
variation  exists.  The  endwall  blockage  is  seen  to  develop  from  the  leading  edge  near 
the  suction  side  and  steadily  grow  across  the  passage  until  reaching  the  pressure  side. 

(ii)  Maximum  flow  point 

This  picture  ohanges  in  the  flovfield  computed  at  a  lower  back  pressure  with  the 
compressor  rotor  operating  near  to  the  maximum  flow  point.  Figure  16  shows  contours 
of  computed  relative  Mach  number  at  89*  span  station.  The  blade  incidence  is  now 
negative  and  the  shook  has  been  swallowed.  Figure  17  shows  predicted  contours  of 
relative  Mach  number  and  relative  velooity  vectors  in  a  blaue-blade  plane  just  near  the 
casing,  actually  in  the  clearance  region.  The  clearance  flow  and  tip  leakage  vortex 
have  moved  aft  to  correspond  to  the  new  shook  position.  This  is  to  be  expected  and 

there  is  some  experimental  evidence  for  the  leakage  vortex  and  the  passage  shock  location 
moving  in  sympathy  [11].  The  strong  distortion  in  the  Mach  number  contours  is  due 
to  the  strongly  distorted  total  pressure  (loss)  field  associated  with  the  leakage  vortex. 
Contours  of  axial  velooity  at  several  axial  stations,  shown  in  Figure  18,  suggest  thot 
there  is  loss  circumferential  non-uniformity  than  in  the  earlier  maximum  efficiency  point 
case  (Figure  15),  but  that  growth  of  the  blockage  is  much  more  abrupt. 

CONCLUSIONS 


An  efficient  code  solving  the  compressible  Navior-Stoke8  equations  in  turbomachinery 
geometries  has  been  developed. 

Results  are  presented  for  the  flow  in  a  low  hub-tip  transonic  compressor  rotor  with 
an  attempt  to  model  the  tip  clearance  flow.  Despite  using  a  relatively  coarse  mesh 
which  supports  only  marginally  acceptable  resolution,  generally  good  agreement  with  laser 
velooimeter  measurements  is  obtained. 

A  atrong  tip  leakage  vortex  is  predicted,  in  good  qualitative  agreement  with 
experimental  evidonoe.  This  leakage  vortex  moves  in  sympathy  with  the  passage  shock. 

The  prodioted  development  of  axial  blockage  on  the  casing  endwall  through  the  machine 
shows  strong  circumferential  non-uniformity  within  the  blade  passage.  This  non-uniformity 
appears  greater  at  the  maximum  efficiency  point  than  at  the  maximum  flow  point.  It  is 
speculated,  therefore,  that  compressor  instability  may  develop  in  response  to  an 
Increasingly  non-uniform  blade-blade  variation  of  endwall  Ulookago  ae  the  operating 
point  la  moved  towards  stall. 
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DISCUSSION 


JAloore,  US 

In  the  multigrid  method,  you  said  it  was  not  easy  taking  the  changes  calculated  for  the  coarse  grid  back  to  the  fine  grid. 
Could  you  explain  how  you  do  this  for  the  non-uniform  grid  region  near  the  wails? 

Author’s  Reply 

It  is  important  not  to  re-introduce  short  wavelength  error  when  adding  coarse  mesh  changes  to  fine  mesh  variables.  I 
use  a  point-Jacobi  smoother  to  distribute  the  coarse  mesh  changes  into  the  fine  mesh. 


Mr  HourmouzUdis,  Ge 

Looking  at  your  full  results  for  the  two  operating  points,  could  you  give  a  physical  explanation  for  the  behaviour  of  the 
clearance  flows? 

Author’s  Reply 

The  leaking  flaw  is  more  vigorous  at  maximum  flow  and  so  the  deficit  created  is  more  substantial. 


Mr  Houratouztodls,  Ge 

Why  is  it  more  vigorous? 

Author’s  Reply 

At  the  maximum  point  you  see  very  little  flow  deficit  from  where  the  flow  has  leaked,  You  see  this  deficit  much  more 
strongly  for  the  other  case.  You  would  have  expected  it  the  other  way  round.  But  at  maximum  flow  the  pressure  ratio 
across  the  blades  downstream  of  the  shock  is  In  fact  greater  than  at  maximum  and  so  drives  a  more  vigorous  leakage 
albeit  over  a  smaller  fraction  of  chord. 


Mr  HourmouzUdis,  Ge 

Do  you  suggest  that  the  mass  flow  through  the  clearance  ix  lower  on  the  high  pressure  caw? 


Author’s  Reply 

The  instance  on  width  the  leakage  occur*  is  much  larger  in  the  H,l*.  case  *o  the  mass  flow  U  bigger. 
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CALCUL  D’EOOULEMENTS  INTERNES  A  GRAND  NOMBftE  DE  REYNOLDS 
PAR  RESOLUTION  NUMERIQUE  DES  EQUATIONS  DE  NAVIER-STOKES 


L.  Camhier,  B,  Encande  et  J-P,  Veulllot 

OFFICE  NATIONAL  D’ETUDES  ETDE  RECHERCHES  AEROSPATIALES 
BP  72,  02322  CHATIUON  CSDEX  (France) 


RESUME 

L’expoti  esl  coiuacr<  an  calcul  d'icoulements  turiulenta  i  grand  nomine  it  Reynold*  par  resolution  numiriquc  dee 
(guations  it  Navier-Stokes  moycnnles  et  compUtie »  par  un  modilt  it  turbulence,  et  A  la  presentation  it  risuitats 
eoncemant  I’a/roiynamigue  interne . 

is  mit/iode  ie  ealcui  est  bn'hemcnt  rtpyeUe;  ellt  te  Canute  rise  par  la  mise  en  oeuvre  i'une  approckt  par  tous- 
domainee  et  par  (‘utilisation  d'un  schema  numinque  simple  comiini  d  ant  technique  ie  sous-mailape  par  dichotomic 
pour  la  description  fine  ies  eouches  visquevse*.  On  present!  its  retaliate  ie  ealeul  d'eeoulcmcnte  transsonigues  turtulents, 
avec  lots  ie  paroi,  pour  ant  configuration  sniuetricUe  relative  i  ant  grille  it  eompresseur  *  divers  regimes  ie 
fonctionnement  Dans  anf  iemiire  partie,  ies  donates  explrimentates  it  to  die  es  pour  Ie  probllmc  ie  I ‘interaction  on  ie  ie 
choe-eouche  timite  inns  an  canal  transsonigus  plan  ton!  mites  h  profit  pour  comparer  an  modile  it  turiulence  algitnque 
et  aft  modile (k  ,<). 


1.  INTRODUCTION 

Les  Icoulemcnta  dans  Ies  lurbomachinea  aeroasuUques  sent  paiticulidremenl  senublea  aux  cITcU  dus  1  In 
viscositd  du  fluid*  et  I’amAioration,  au  raoindte  cotit,  des  performance*  d«  tellea  machines  pass*  par  la  mise  en 
oeuvre  dt  melhoaes  de  cnloul  penneuanl  de  pridire  c*«  effete  Ie  plus  prlcislmenl  possible  I. a  determination  par 
voit  o  >«lriqu*  d’icoulemeot*  ausei  complexes  n»  peut.  Ie  plus  souvent,  itre  eltectuee  par  dts  method**  de  calcul 
simple;,  fondle*  sur  Ie  seul  tfftl  de  dlptacement  des  parols,  mat*  nlcesiite  !e  developpemenl  de  mAho.de*  rooins 
sommaiiea  prenant  en  cotnpte  la  forte  interaction  entre  Ies  regions  de  fluid*  par  fait  et  Ies  couches  dlseipatives 
Pour  atteindre  cet  objeclif,  deux  voles  principles  aonl  stctuellenient  ouvertes  Ies  me'thodes  indirect**  d*  couplag* 
fort  fluids  parfmt-fluid*  visqueux  (voir,  par  example,  la  communication  de  t.e  Balleur  et  Blaise  (l|).  Ies  me'thodes 
dtrecUs  de  resolution  des  equations  d«  Navier-Stokes  Celt  i  ce  dernier  type  qu'appartient  la  mithode  e x pose'e 
dans  la  present*  communication  Les  techniques  de  resolution  des  IquaMon*  de  Navier-Stoke*.  appliqudes  aux 
turbomaebmes,  sont  *n  count  de  deVeloppement  dsns  plusieur*  laboratoire*  et  out  fait  I'objet  re'cetutnenl  d'asm 
aojubreuses  publications  (par  exempte  (2{  S  (8{) 

Aux  grand*  oombrts  d*  Reynolds,  la  itmulation  numAtquc  des  ecoulrmenls  visqueux  w  heurte  i  la  difficult* 
de  w presenter  au  mieux  d«u*  phlnomiae*  fondamtnUux  la  turbulence  el  la  foible  c  palate  ur  des  couches 
dissipative*  Pour  ce  qul  concerns  la  pets*  en  cotnpte  de  Is  turbulence,  il  n'e»t  pa*  enviajgetiible  A  moyen  term#  et 
pour  de*  application*  mdustrielle*  de  weltr*  en  oeuvre  de*  mAhode*  d*  simulation  direct*  de  la  turbulence,  it  faut 
avoir  recours  i  la  modelitalwn  A  Fheure  actuelle,  il  exist*  un*  grande  diversity  d*  modile*  de  turbulence 
(modile*  algefcrtquel,  modifies  i  une  ou  plusieur*  equations  de  Uansport,  "Algebrsjc  Stress  Model*,  etc  ),  man 
aucun  d*  ce*  modile*  nt  *'est  encore  vAiUblemenl  imposl  par  un  accord  avec  I'eXpAienee  isUsfaieaal  pour  de* 
configutalioM  dVcoulement  sanies  La  feibk  epatweur  des  couches  vuqueuae*  pattAsie*  induit  une  evolution 
trie  rapid*  de  Is  vttesee  et  de*  grandeur*  turbulent**.  Is  discrAssiUon  de*  gradient*  de  ce*  quantiles  txigt  slot* 
PutiUiatwn  d'uu  mailings  fin  au  voisinagt  de*  patois,  condutsant  A  de*  ontite  d*  cairn  I  sieve's,  *n  particuher  pour 
Ie*  mithodes  sstrslntes  A  un  entire  de  liabitiU  L'emploi  de  lot*  de  psroi  univeryellet  consume  tin  paltiald  de 
Cette  difficult^,  rou  ram  meal  utilal  On  noters  egslemenl  que  Ie*  codts  de  csfcul  peuvent  lire  noUblepaent  riduit* 
trie*  A  un*  approcht  psr  soui-domaine*  (voir,  par  exempie,  (9j)  dsns  laquelle  Ie*  equation*  de  Navlsr-Stoksa  n* 
*ant  resotues  que  dsn*  de*  *ou*-doMsiaes  de  faille  Aendue  wntenaal  Ie*  couches  vtsqueuaea. 

L»  preVnte  communication  est  co a* sc rt'e  au  calcul  d'e'eoulewenu  turbulent*  A  grand  norabre  de  Reynold*  pu 
resolution  del  iquslioui  de  Navier-stokes  moyensle*  et  complAdet  par  un  modile  d*  turbulence,  et  i  U 
prt'eenution  de  results*  eoncemant  I’aAodynatalque  iaUtne  L*  mAhode  numlrique  qui  seta  Vtfvetnent 
rsppelle  w  carsctiriM  par  fa  mis*  in  oeuvre  d'un*  approcht  psr  tous-domstot*  et  par  Putifiutssn  d'un  ache’ma 
tspiiciW  timpi*  combini  i  uo»  technique  de  sous-marllig*  psr  dichotoai*  pour  Is  description  fin*  de*  couches 
vitqteu***  On  prlaenu  de*  ruuitat*  de  calcul  d'dcoultmtnu  Usnsso tuque*  tutbulenti  pour  une  coofigunuion 
indusuitlle  relative  i  une  grille  d*  oompresMur  supensonique  &  diver#  rlgima*  de  fonctionnement  Ce*  cakui*  onl 
Ad  effestul*  i  I'aide  d'un  modile  de  turbulence  siglbrique  de  longueur  de  melange  el  A  t'aide  de  toil  de  paroi 
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simples.  Dans  une  dernidre  partie,  des  donndes  expdrimentales  ddtailldes  pour  le  problem#  de  [’interaction  onde 
de  choc-couche  limits  dans  un  canal  plan  sont  misett  i  profit  pour  comparer  un  module  de  longueur  de  melange  et 
un  model#  i  deux  equations  de  transport  pour  Pdnergie  cindtique  db  1-  turbulence  et  son  taux  de  dissipation. 

2.  MODELI SAH ON  DES  ECOULEMENTS  OOMPRESSIBLES  TURBULENTS 

Dans  ce  paragraphe,  on  rappelle  le  modcle  mathdmatique  mis  en  oeuvre  pour  la  simulation  numerique 
dVcoulements  bidimensionnels  compressible#  turbulents.  Ce  model#,  tout  i  ('ait  classique,  est  fondd  sur 
Popdration  de  moyenne  en  temps  des  equations  de  Navier-Stokes  instanlandes  (pour  le  vecteur  vitesse  et  l’energie 
totale  par  unite  de  masse,  il  s'agit  de  moyennes  ponderdes  par  la  masse  volumique),  les  termes  relatifs  aux 
correlations  entre  quantitds  fluctuantes  dtant  ou  bien  ndgligds  ou  bien  moddlisds  par  [’introduction  du  tenseur  de 
Reynolds  rs,  du  fiux  de  diffusion  turbulent#  d’enthalpie  de  densitd  g,  et  de  Pdnergie  cindtique  de  turbulence  k. 
Pour  une  presentation  ddtaillde  de  cette  opdrahon  de  moyenne,  le  lecteur  pourra  se  reporter  i  [  10] . 


3.1  Equations  de  Navier-Stokes  moyenne* 

Les  equations  de  Navier-Stoko#,  permettant  de  ddcrire  I’dcoulement  moyen,  se  prdsentent  sous  la  tonne 
intrinsique  suivante  . 


—  +  ini  (pP)=0 
31 

(2.1)  — +  iiv  (fiV  *  V  )  =  div  (7+  ?„  ) 
dt 

•— j-  +  iiv  (pEV)^iiv  [{“+  "p  ).F-  «-f,  j. 


Dans  ces  expressions,  p  el  7  ddaignent  respectivement  la  masse  volumique  et  la  vitesse  de  Pdcoulement 
moyen  E  est  Pdnergie  totale  moyenne  par  umtd  de  masse,  c'est  i  dire  la  somme  de  Pdnergie  interne  moyenne  e, 
de  Pdnergie  cindtique  du  uouvemenl  moyen  et  de  Pdnergie  cindtique  du  mouvcment  turbulent : 


V* 

(38)  £»»  + —  +  * 

2 


Les  dquationa  (8  1)  relatives  i  la  conservation  de  la  masse,  dt  la  quantita  dt  mouvement  tide  Pdnergie,  sont 
i  completer  par  lea  tois  dt  comportementdu  fluid*  considdrd,  par  dts  bis  d'etat  et  par  uu  model#  de  turbulence. 

Pour  un  fluid*  cbstiqut,  et  compte  Unue  de  t'hypotbdu  de  Stokes  3X  +  2*i*»0.  lea  tol*  dt  comportemeot 
exprtmant  le  tenseur  des  contrainte*  if  et  U  densitd  de  flux  de  cbaleur  f,  a 'dement : 


JT»-(  j  +  — p  die  P)r+p[vP  +  (v?)r  ] 

(8  3) 


od  p  et  f  ddsigntnl  la  pretewn  itaUqu*  et  la  tetnpdrature  absolue  dt  tVcoulemeat  moyen  Le*  coefftceint*  p  et  * 
sont  lit  coefficients  de  viscositd  et  de  tonducUbilild  thermique 

Lei  tot*  d'e'tat  treduiaenl  tee  proptifVs  tfiermodynaniiqut*  du  mtlteu  comiddrd  que  nous  auppoaerona  4 tie  un 
gai  partait  d  ebaleutt  spdeifiqun*  comUnUS  de  rapport  y,  et  pertnetteat  d’exprimer  la  preaitoo  p  ainsi 

que  t*s  coefficient*  v  et  x  l>k*  aux  relation*  auivaaua  ; 

l)p#  -[C.-C.)»T 
*  i  +  uo/re 

<,‘l  ‘■■‘■kmf- ^ 

.e, 

x<“ - - , 

■  /V 

od  /V  est  le  notnwe  de  PiandU  que  nous  auppoaeron*  coat  last  /V«*0,72S 

Lee  noddle*  de  iutbul*n«  mi*  to  oeuvre  pour  lab  rexuluts  eumdrlque*  ptdteatd*  aux  paragraph**  4  el  S  tool 
du  type  “vtacoeild  tourbillonaair*'  L«  uueur  d*  Reynolds  f#  et  le  flux  f,  scat  uUda  aux  grndieot*  da 
Peooutemeat  moyen  par  dee  upttwioa*  analogue*  4 ( 33),  c’tali  du*. 
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fn=-(—pk  +  —Mi  *'»  v)7  +  m,[vV  +  {vV)t  ] 


(2.5) 


3 

V-  ^  r?  T 

f,= - V" . 

Pr, 


A  cc  stade,  la  moddlisation  de  la  turbulence  ee  rtfduit  a  revaluation  de  troie  quantity's  scalaires:  l’dnergie 
cindtique  de  turbulence  k,  le  coefficient  de  viscosite  turbulente  it,  et  le  nombre  de  Prandtl  turbulent  Pr,  Nous 
avons  utilise  deux  modules  de  turbulence:  un  module  slgrfbrique  de  longueur  de  melange  et  un  modile  i  deux 
equations  de  transport.  Ces  deux  modules  sent  decrits  dans  les  deux  pax  ag  raphes  qui  suivent. 

Dans  la  mise  en  oeuvre  numdrique  ddcrite  au  paragraphe  3,  les  diffdrentes  grandeurs  intervenant  dans  les 
equations  de  Navier-Stokes  sont  rendues  sans  dimension  a  1’aide  de  trots  grandeurs  de  reference:  une  longueur 
L0,  la  vitesse  du  son  ol0  et  la  masse  volumique  du  fiuide  dans  les  conditions  d’anSt  i  l’infini  amont  Les 
coefficients  sans  dimension  de  viscosite  et  de  conductibilite  thermique  effectives  (notes  i  1'aide  d’un  tilde)  sont 
ddfinis  par  les  expressions: 

.  _  .  t  It  Mi 

M.=M  +  M,= - - +  - — 

R*o  Mo  Pic®te^o 

.  MC,  M,C ,  ,  t  n  I  M,  ,  „ 

x. = —  +  - - »( - + - )  c. , 

Pr  Pr,  Pr Re„  Wo  Pr, 

oil  Re0=pl0a,(>L0/w(>  ddsrgne  le  nombre  de  Reynolds.  Dans  touts  la  suite,  on  ne  considers  que  dee  quantity*  sans 
dimension  et  la  notation  tilde  est  omise. 


2.2  Moddlc  de  turbulence  de  longueur  de  melangs 

Ce  models  est  fondd  sur  le  concept  de  longueur  de  melange  introduit  par  Prandtl  La  formulation  que  nous 
avons  utilises  est  une  extension  du  models  inilialemetit  developpe  dans  le  cadre  de  I'approximationd*  couche 
limits  par  M.chel  et  al  jit]  on  neglige  I'e'nergie  cinetique  de  turbulence  dens  les  expressions  de  IVnergie  to  tale 
(2  2)  et  du  tenseur  de  Reynolds  (3  5),  le  nombre  de  Prandtl  turbulent  est  suppose  constant  Pr,«0,S  et  le 
coefficient  de  viscosity  turbulent*  est  donnd  par, 

(2  6)  p,«»p<V|  (T| , 


oil  {T  designs  le  tourbillon  (f T^RetV),  I  est  la  lougueur  de  melange  el  F  est  la  lonctioo  corteeUtc*  de  soue 
couche  vuqueuse  La  longueur  de  melange  I,  npportee  a  IVpatMcur  t  de  la  couche  limit*  eetdoouee  comm*  une 
loutUou  uaivenelle  du  rapport  ij/3  (  q  designanUa  distance  »  la paroi)  par 

(3  7)  </5**0,085  U{~~~ —  —  )  , 

0,0*5  i 


od  A*  til  la cottlUht*  de  Kartnac  ( A“»0,*l)  La  lonctioo  correctrte*  F  eat deatmee  4  repretenler  IWotutton  de  la 
turbulence  depute  la  ton#  od  elle  eti  pieinement  dublt*  juiqu'au  film  itmtoeue  proch*  de  la  parol  od  ell* 
j'uatiule,  elle  a  pour  eipreaaeon 


(3») 


(mpP — —  |JT|. 


On  notate  que  la  definition  de  Is  variable  mural  editue  f  fail  inutvenu  le  coefficient  p,  et  que,  par 
consequent,  la  ds'Utaiaaboa  de  p,  i  I’atde  de  la  ittalioa  (36)  ne'cesait*  la  resolution  d'une  equation  implicit* 
Dana  la  pratique,  ceu*  equatien  eat  reaolue  par  un*  wethode  d*  point  5s e 

On  nouta  egslemtnl  que  IVptisaeur  t  de  la  eouche  limn*  murvteni  directement  dan*  ce  model*  de 
turbulence  Cette  echtll*  de  longueur  eel  tout  i  fail  adapter  au*  cakult  class tqun  de  couche  limit*,  en  revanche, 
lotiqu 'on  utilise  le*  equations  de  Navier-Stokes,  on  pease  eoatimlmenl  de  la  touche  Vtequeuse  g  la  tegtoo  de 
flurd*  petfailet  la  determination  de  <  el  pot*  quelque*  psehttme* 

L*  noddle  qut  Vtenl  d'llre  deer  it  tel  epe’ctfiqu*  de*  couche*  dtsttpatorc*  dt  paroi *.  dan*  I*  ce*  d*un  atUag*, 
nous  avons  adopte  un  modi l*  trt*  simple  pour  liquet  I*  coefficient  de  vmcoaite  turbulent*  est  dona*  par 
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(2.9)  p,=p/a|  fT|  ,  2=0,14  «  . 

Cette  formulation  present*  touUfois  la  particularity,  peu  physique,  d'impoaer  un  niveau  de  turbulence 
anonnalement  faibie  au  centre  du  siliage  oil  le  tourbillon  est  pratiquement  nut. 

3.3  Modile  de  turbulence  &  deux  dquatlooa  de  transport 

Dans  ce  module,  IVcbelle  de  vitesse  U  et  IVchelle  de  longueur  L  intervenant  dans  la  definition  du  coefficient 
de  viscosity  turbulente  sont  ddtormmyes  en  fonction  de  IVnergie  cindtique  de  turbulence  k  et  de  son  taux  de 
dissipation  t  par: 

'  £/=i1'4  et  t=i’V, 

de  telle  sort*  que  p,  a  pour  expression, 
i* 

(2  JO)  p,*=C,jj — , 

( 

od  Cf  est  une  constants  sans  dimension. 

Les  deux  equations  aux  derivrfes  partielles  permettantle  calcul  de  k  et  <  ss  prrfsen tent  sous  la  forme  suivante: 

— +  drv  (pkV)*aitti  (—  yi  )  4-  P»:y  7-pe 
9t  a, 

(3U)  , 

+  dtv  (pt  7  )=»dre  (—  yr  )  +  7„sj  V-  . 

oil  rt|,  a„  C,  et  C,  soot  des  Constantsa  sans  dimension  Les  vaieura  numeriques  des  cinq  constant*]  intsrvenant 
dans  ce  module  de  turbulence  (cq  2.10  et  2. 11)  sont  cedes  propose**  par  Launder  ( 13)  et  soot  iodiqudea  dans  le 
tableau  suivant 


c. 

<** 

0. 

C, 

C. 

0,09 

1,00 

1,30 

1.57 

a.oo 

II  est  class Ique  de  disttaguer  tea  different*  idles  |oudi  par  cbaeun  de*  Utuu*  des  equations  (ill)  Pour 
chacune  d«  cw  deux  equations.  It  toembre  de  gauche  correspond  au  transport  par  I'dcouPment  raoyeo  de  ta 
quaatite  constdtfrat,  quant  aux  trots  termts  du  mtmbre  de  droits,  tU  exprUuenl  respeettvemeni  une  “diffusion*  par 
refoulement  fluctuant,  uue  “production-  proporttoanelP  au  travail  de*  eonttarou*  de  Reynold*  au  court  4*  la 
deformation  due  i  recoupment  moyen  et  unt  “dissipstion* 

II  est  ad  mu  que  les  equations  (3  11)  pour  k  el  i  ne  sont  salable*  que  dan*  les  regions  oil  la  turbulence  est 
pleuiement  sUbtie  En  revanche,  dans  tes  regions  proches  des  patois  od  1‘effet  de  la  vbcoslU'  moieculairs  est 
preponderant  devant  I'effel  de  la  turbulence  cm  du  tnfwe  ordre  de  grandsur.  Its  equations  (9  11)  ne  undent  pss 
contpt*  de  I  aeon  ssttsfaisant*  des  pbenomdate  physique*  et  il  eonvteol  d*  modifier  is  mocUle  de  turbuPnoe  defini 
pai  (2  10)  el (2  tl)  (  model*  dit(t.r)  )  Ceci  peutcUe  idslt**'  par  modificatwo  des  equations  (3  It)  en  y  isctuant 
des  termes  mppWmeaUuea  od  inUrvieni  esplicipmtnt  P  coefficient  de  viscosity  moiecutalr*  p  tl  est  #g*Pm*el 
pomubP,  n  e'est  la  solution  que  nous  avoes  rePnue.  d'uttiser  P  modiP  algebrtqut  du  paragraphs  2  5  dsns  P 
votsmage  imwediat  des  parols  el  P  muddle  (*,<)  Jorsque  la  turbulence  est  tout  d  I  ait  cp'veloppfe,  p  paassge  du 
premier  med<P  eu  second  s'effcctuanl  lonqut  P  rsppott  p,*>  eu  superieur  g  unt  certain*  valeur  Dans  les 
applical'oas  nuaetiquts  prS**nWt*  au  paragraphs  5,  sett#  valeur  critique  a  4U  per re  egalt  S  SO,  a  qui  correspond 
»  un  sombre  de  Reynold*  turbuPnt  (d/fini  tree  l'SchetU  de  viUsse  U  et  I'e'chslP  de  longueur  L) 
pk\',x  t  l*t 

R*(“  — — "  de  I'ordre  d»  100 
P  C,  <i 

&  httmioot:  NUMEfUQUE 
3.1  Sdsnntt  nun  ctuSsrusMaa  ft  film 

lhiur  Its  dqaaUo&t  de  Natter- Swiss.  p  tyttdeat  tftslaiioaasire  (9  I)  tHint/gtsf  pae  l  pm  en  fonction  du  wraps 
d  I'srde  d'un  schrma  aut  differences  fiat**,  ttpUciU,  de  type  *p»#dkt#«ft*fmleur*  La  dncr/tisalscn  spatial*  dee 
equations  est  reaLwr  duectemeul  dans  Ic  {dan  physique  i  t'aids  d'uat  technique  deceit*  dans  |U]  at  jttj.  Le 
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schema  peut  etre  considdre  com  me  une  generalisation  du  schema  explicit*  de  MacCormack  (15|  dont  la  simplicity 
estbien  connue. 

Le  principe  de  cette  discretisation  en  espace  est  Is  suivant  Lee  ddrivdes  partielles  50/5*  et  50/5jr  d'une 
lonction  0(*,y)  sont  approchdes  en  un  nocud  M  du  mailings  par  les  expressions  suivantes  obtonusa  £  i'aide  d'une 
(ormule  de  Green  : 


(3.1) 


50 

(_L)  = 

dt  u 


J 

an _ 

J 

90 


(£>  - 

dy  m 


J 

an 

j  yn,ia 
an 


oil  les  intCgrales  de  contour  sont  calcu Wes  le  long  du  bord  50  ,  de  nonnale  n  =  ( n.  n,),  d'un  domaine  dWmentaire 
0  con  tenant  le  point  M  Ces  formules  sont  obtenuea  en  agproehant  la  valeur  de  50/5*  (  reap.  50/5  ji  )  en  M  par 
la  valeur  rnoyenne  des  derivdes  partielles  50 /Ox  (  reap.  60 /5y  )  d’une  approximation  0  de  la  tonction  0,  ddfinie 
sur  0  .  La  determination  completes  des  approxiamtions  (3.1)  ndcessite  done  la  connaissance  du  domains  0  etde 
la  lonction  0(*,y).  On  noteraque,  dans  les  formules  (3.1),  l’orientation  de  lanormale  S  est  indifferent#. 

Le  schema  aux  differences  utilise  est  construit  i  I'aide  de  deux  couples  d'opdrateurs  aux  differences  finies 
decentres  (6, ,6,)  et  (6, ,6,),  definis  par  les  relations  (31)  en  prenant  pour  domaine  0,  d’une  part*  le  triangle 
MSE  (Fig.  1)  et,  d’autre  part,  le  triangle  MNO,  et  en  supposant  la  lonction  0  lindaire  sur  chacun  de  ces  deux 
triangles.  On  notera  que  ce  schema  de  discretisation  ne  (ail  appel  qu’anx  coordonndes  des  noeuds  du  maillage 

Dans  le  aystdme  de  coordonndes  cartdsiennes  (i.y),  les  equations  (2.1)  sVcrivent  sous  la  (orme  condense* 
suivante: 


(3.2) 


OG 

- *»0 

5» 


oil  /  est  la  coloone  des  inconaues  (p,p*,pv,pB)T  et  oil  les  “flux”  F  et  G  peuvent  s’exprimer  comrot  la  difference 
de  deux  termes,  et  6-C,-  G,,  1’indice  "l"  etant  rtlatif  aux  termes  de  fluide  parfait  et  1‘indice  ^2* 

cortespondaut  aux  termes  disaipatifs.  Le  niveau  de  temps  etant  repdre  par  I ’indice  “a”  (f**»sAl),  et  la  valeur 
fourme  par  It  praklicteur,  coostitue'  par  le  premier  pas  en  temps,  etant  no  tee  “»  +  Iu.  le  schema  sWcrit 

A/(e,>*  +e,o‘) 

(33) 

/*  *  t/a  (/*  +  /*'Tr-  A/  (i.F^  t  1,0 iT5)  J 


Les  di'rivees  intervenanl  dsn*  la  eonlribuUon  F,  {  reap  G, )  du  Hux“  F  (  r*tp  G  )  sont  spptechM*  per  lee 
operate u iv  au  premier  pas  (predicteur)  et  par  ies  opefateura  »u  second  pan  (torrteteur) 

Le  enters  de  sUblbte'  du  schema  expiicite  (3  3)  rvteou  pour  lea  calculi  presentee  a  pour  expression 


(3«) 


dl«il  Mi* 


*  _  .  *»* 

V  *  *  '  2*r  {»}*  +  (!,/*,) 


od  *i  sat  ua  coefficient  uuwfnqus  ds  I'ordrt  d*  ('unite  inttudutt  to  raoon  du  eara ctfit  spproch*  de  c «  enuirt,  a 
ud  A  est  une  longueur  esrectemUque  de  Is  Utile  de  Is  msilte 

Le  schema  aame'nqu*  a  sis’  dectit  pour  le*  equations  dt  Nmner.  Stoke*  IVur  la  re’sotutioa  des  tfru  attorn 
d’guler,  (u^O.x— 0),  le  mime  schema  (S3)  a  (tf  mis  en  oeuvre  avee  (Ff—0, (/,—())  Le  thtfre  de  ttabdiU' 
totmpondaat  at  rddutl  i 

(34)  At- a  ™- 
Y  *  a 

No  tom  eafin  que  dans  le  cm  du  mobile  dt  turbulence  de'cril  au  paragraph*  53,  les  dcus  equtbons  dt 
transport  determinant  *  tt  e  se  presents ni  sous  use  forts*  analogue  au  tysUtut  (3  J)  moytnusnl  I'mtrodvtcuott 
d’un  second  mtmbrt  eon  nuL  tt  soot  dtsecetisess  par  le  schema  (33)  Le  audit  dt  subdue  (3.4)  a  ew  conserve 
daascecs* 

2L3  VUecaiW  sttUUMie 


l\jur  assurer  la  sub* tit/  du  schema  «t  espturer  corttctsmeui  les  diKonimuite*  4«  recculemmdam  lea  region* 
da  fluide  par! ail*  dent  iemee  de  dissipation  sont  sjouu*  aux  *qualioot.  de  «* mstuers  suivante: 
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(3.6)  r+'^tX'+wn  +  Dtn, 

oil  la  notation  “ach”  caractArise  lea  valeura  obtanuea  apria  application  du  schema  (3.3). 

La  tarme  D£f')  eat  un  terme  lindaire  da  lissaga  ajoutrf  i  toutea  lea  Aquations  at  a  pour  expraasion : 

(3.7)  Dq(  /*)=-(  Q*  6<i]r  +  f  JV  )  , 

oil  I'opArateur  aux  differences  quatriimes  eat  ddfini  par:  6  j'*/  =  -  4/J+,  +  6 fk  -  4/*_  t  +  /,_a  ,  et  oil 

Qj)  et  Qj,  sont  dea  coefficients  numrfriques. 

Le  tarmo  £>[(/*)  correspond  A  une  dissipation  non  lindaire  qui  n'est  ajoutde  qu’i  i’ Equation  de  quantity  de 
mouvement  Par  exemple,  lacomposanta  de  Z>,  suivant  Ot  a‘dcrit 

[(  Prt-U  +  Pm  )  I  *.+t.i  -  l(  «v+w  -  Ki  ) 

(3.8) 

(  Pw  +  P*-  ui  )  I  Bvr  V  to  ^  *ij  ”  ’‘•-uj)  ]  "*■  ^  [  ]  |  ‘ 

oil  A,  (  reap.  A>  )  eat  I'inverae  du  nombre  de  noeuds  de  maillage  suivant  I'indice  “i*  (  reap.  )  dans  le  sous- 
domaine  considdrd,  et  oil  Ql(  et  QtX  sont  dea  coefficienta  nume'riquea. 

3.3  Technique  da  sous-malllaga  par  aoncs 

L'important  raffinement  de  msillage  *u  voisinsge  de  la  parot,  ndcesaaire  dans  le  cas  d'un  Acoulemenl  i  grand 
nombre  de  Reynolds  pour  reprtaenter  lea  lorta  gradients  de  vitease  dans  la  direction  tranaversale,  est  gdndralement 
obtanu  au  moyen  d'une  contraction  analytique.  Ce pendant,  le  rapport  de  raffinement  local  ne  pent  de'passer  une 
cerlaine  vateur  pour  dea  raisons  de  precision,  ce  qui  conduit  i  un  trea  grand  nombre  de  mailles  A  tin  de  reme'dier 
A  cet  inconvenient,  on  utilise  la  technique  suivante  de  sous- m&ill age  par  tones  propoade  et  developpde  par  Viviand 
elGhazxi  dans  |16| 

A  un  maillage  prdaentont  dans  It  plan  physique  (i,y)  une  conlractico  reguliire,  eat  aasocie*  un  mailtage 
umforme  dana  le  plan  de  ealcul  (,V.  Y ),  e’esl  A  due  A  pas  constant  AY  A  partir  de  ce  maiUage  de  base  dant  le  plan 
de  calcul,  la  technique  de  sous-tn alllag'  par  tones  consist*  A  diviaer  par  deux  la  ladle  ea  Y  de  la  mailte  d'une  tone 
A  la  suivante  en  allant  vers  la  paroi  Le  roaillage  obteou  par  retour  dans  le  plan  physique  combine  aims  les  effets 
de  la  contraction  analytique  el  de  ceUe  dichotomic 

Les  tones  e'tant  reptafce  par  un  entier  f  variant  de  I  A  Q,  *ve«  f  *»  1  A  la  paroi.  la  taille  AY*'*  de  la  maille  eo 
Y  dans  la  zone  t  eat  donate  par 

(3  9)  £!<*•« 

gv*r 

Cette  Vfcbntqu*  permet  une  tapide  transition  «n«*  un  mailing*  Nlativement  grassier  A  I'etUtteur  de  la  touche 
tonne  el  un  mailtage  tide  fin  dsns  la  soua-couche  visqutuse,  tout  en  conservsniun  mailtage  rfguHer  dans  cheque 
tone  On  uouvera  dans  la  wlt'tence  ()7|  une  etude  ds'uilt*?*  de  ropumisairon  du  madiige  par  tones  pettntuant, 
pour  une  e'paimur  donne'e  de  la  mailt*  A  !»  paiot.  de  chotsu  les  dtffe'renis  paramAUes  mUrveoant  dans  c*Ua 
method*  de  matllsge  de  (aeon  A  mlntmuer  1*  codtdu  ctku! 

L«  rascord  de  deux  tones  adjacent**  est  assurd  par  reeotwemeni  Le  domsiae  de  ddpendance  rmtataqu*  du 
schema  de  MatOaemadt  (33)  appllquif  aux  equauoas  de  Nsvier-Stok**  etandsat  sur  deux  mailtos  dans  cheque 
direction,  le  ache'ma  ne  pent  Atre  tail  dans  la  tone  f  qut  pour  (ex  ltgnes  l«3  A  t-(l  ■■  1,  oil  1  est  I'indice  local 
tsalrant  tea  lignes  de  maillege  de  1*  tune  f  el  vaiumt  d»  t  A  Lu'  dans  la  direction  del  Y  croissants  Les  vsleur* 
/r  de*  inwnaues  /  sur  lea  lignes  I  «>  I  .S.L1'1-  1  et  /,*'*  sont  obtenues  par  traaslert  ou  interpolation  A  pailn  des 
valeurt  de  f  dans  tea  tone*  adjacentoi  (|-  1)  «1  ( g  ♦  1).  comm*  le  mood*  la  figure  7  La  formula  d 'interpolation 
ultW*  est  la  suivante 

(310)  ♦•(/Jr*  +/J****)-  /{*♦*») 

&fih  uti  prtxedS  addquaA  d*  balayegi  en  tempi  des  tonte  est  tnts  en  oeoeit  de  manidre  A  ublwer  dsns  cheque 
tone  un  pss  de  temps  prothe  du  pa*  de  tomps  msatmuB  pmpr*  A  cheque  tone  Cette  technique  eat  tondde  sue  to 
choix  pour  la  son*  »  d’un  paa  de  umpt  61<,,  propodionae!  A  ana  d'epsds  (3  9) 

(311)  *  *  A»w , 


oil  AS^1  tat  le  pas  de  temps  utilisd  dans  la  tone  extern*.  Ce  choix  correspond  approximativement  i  la  valeur 
optimum  dans  chaque  sons,  si  la  stability  est  gouvern/e  par  le  eritere  "fluid*  parfait"  (3.5),  ce  qui  est  le  cas  dans 
les  calculs  pr/sentes  aux  paragraph**  4  et  5.  Afin  d’avancer  en  temps  de  maniire  coordonn/e  entre  tes  diff/rentes 
zones,  le  nornbre  detentions  devant  ttra  effectu/es  dans  une  zone  ?  pour  une  iteration  dans  la  zone  Q  est 
Ai*,,=s 2® ' '  .  La  progression  des  iterations  dans  les  diffdrentes  zones  est  indiqutfe  sur  le  diagrainme  de  la  figure  3 
correspondent  i  un  sous-maillage  en  quatre  zones.  Ce  diagramme  dlcrit  un  cycle,  c’est  i  dire  1’ensemble  des 
iterations  effectudes  dans  les  different**  zones  pour  une  iteration  (  pas  de  temps  At5®1  )  dans  la  zone  Q 

Pour  acceldrer  la  convergence  du  processus  it/ratif,  on  utilise  dans  les  sous-domaines  “Euler"  la  technique 
classique  du  pas  de  temps  local.  En  revanche,  dans  les  sous-domaines  “Navier-Stokes",  le  pas  de  temps  ne  varie 
dans  une  zone  donnde  qu’en  fonction  de  1‘indice  "i“. 

3.4  Lola  de  parol 

Le  calcul  du  tenseur  des  contraintes  visqueuees  a  la  paroi  at  fait  gdndralement  par  discrdtisation  des  ddrivdes 
de  vitesse.  Toutefois,  aux  tres  grands  nombres  de  Reynolds,  on  observe  qu‘i  la  frontiire  de  la  sous-couche 
laminaire,  la  vitesse  peut  atteindre  une  traction  notable  de  la  vitesse  4  I’extdrieur  de  la  couche  visqueuse.  Une 
description  correct*  de  1‘dcoulement  ndcessite  alors  que  U  taille  de  la  mail!*  voisine  de  la  paroi  soit  inf/rieure  i 
I’e'paisseur  de  la  sous-coucbe  laminaire.  c’est  i  dire  que  le  premier  point  de  maillage  soit  i  une  distance  rj  de  la 
paroi  telle  que  la  distance  rdduite  i;+  ddfinie  par  i )+=p«,q/p  soit  inte'rieure  a  3  («,  design*  la  vitesse  de 
frottement  ddfioie  4  partir  de  la  tension  de  cisaillement  r,  a  la  paroi  par  la  relation:  r,  =  <>*?  ) 

Lorsque  le  nombre  de  Reynolds  est  dleve,  la  distance  tj  correspondant  4  q*— 3  est  trds  petite,  et  le  nombre  <J 
de  zones  de  sous-roaillage  ne'cessaire  devient  trds  important  Au  cours  d‘un  cycle,  le  nombre  d'iteratrons 
effectue'es  dans  la  zone  la  plus  procb*  de  la  paroi  est  e'gal  i  2®  ~  ce  grand  nombre  d 'iterations  est  lid  4  la  foible 
valeur  du  pas  de  temps  correspondant  d  la  trds  petite  taille  dc  la  raaille  d  la  paroi,  et  conduit  alors  d  un  codt  de 
calcul  trds  e'levd. 

Une  approche  plus  dconomique  consist*  ire  presenter  la  vitesse  par  tine  loi  de  paroi  universelle  qui  permetde 
calculer  les  contraiutes  d  la  paroi  sans  diserrftiser  les  derivdes  de  vitesse  1,'ide‘e  de  base  pour  ohtenir  ces  lois  de 
paroi  est  d'admettre  qu'il  exist*  une  region  de  la  couch*  limit*  proche  de  la  paroi  od  la  tension  de  cisaillement 
{T.ijf  eel  coustante,  (fgale  d  sa  valeur  d  la  paroi  r,  (  T  est  le  tenseur  des  ccntramtes  laminaire)  et  turbulentes,  if  et 
?  desrguenl  respeetivement  le  vecteor  uniteire  normal  d  ta  paroi  orient*  vers  I'exteneur  du  domain*  de  caleul.  et 
te  vecteur  unitaire  tangent  d  la  paroi  tel  que  soil  direct)  Cett*  region,  apjietee  couche  interne,  est  ellc- 
uidm*  classiquement  (voir,  par  exemple,  ( 18})  divise'e  en  Unis  sous-couche*  selon  I'imporlanc*  relative  des 
contraiutes  lainmatres  el  des  conlrsunte*  turbulentes  t)  la  sous-couche  lam  insure  limit**  d  i}*<3  et  dans  laquelle 
U,  est  neglig«able  devant  p,  n)  une  ton*  interme'diair*.  altanl  de  i}’ro3  d  ij'NseO,  tqipele'e  commundnieul  sous- 
coucbe  tampon,  et  dans  laquelle  p,  etp  sonl  de  mdm*  ordre,  m)  la  sous-couehe  logarithtmque  defime  d  parti r  de 
tt*“»40  pisqu'd  Id  limit*  supeneure  de  !»  couche  intern*.  *t  dan*  laquelle  p,  *»t  grand  devant  p 

Si  Vf  design*  la  eomposante  de  la  vitesse  re'dutte  dans  la  direction  £  (  I'j  =»  Vf{/»,),  il  exist*  pour  une  couch* 
limit*  incompreMible  des  tots  simples  reliant  «t  rf*  dans  let  sous- couch**  lam  man*  et  logarithm  tqut 
Dan*  ta  sc-u*- couche  lammaire,  la  lot  d*  vitesse  secril 

(3  12) 

el  dan*  la  »ou*-coucbe  iogamhmiqu*.  elle  a  pour  exprestwn. 

(3  13)  *  C. 

K 

»d  K  e*l  ta  constant*  tie  Kaunas  et  C  un*  consta&te  d'uiUgraUm  &i  revanche,  dans  la  sous-couche  tampan,  d 
o'eaisw  pas  d*  toi  uci»*r**lk  simple  reliant  t't*  etq* 

Dsn*  lea  cakuD  pr  risen  t/i  au  paragraph*  4,  nou*  *vot>*  units*  lei  km  (3  12)  «l  (3 13)  salable*  en 
imcompreiHMhi*.  la  masse  volutaiqir*  variant  asset  peu  au  votimag*  de  la  paroi  pour  tea  /coulement*  han**»a)qot! 
wnotd/trfs  Nft‘i*  avers*  admit  /galrment  que  Is.  sou*-  couch*  tampon  psuvaii  due  d/ctlte  futqu'i  use  vafeur 
****11,335  pa/  la  loi  jioeaire  (312),  !*  conlinuite  de  V'»  en  da*  ators  to  valeur  d*  I*  coMteete  6 

<?»5,449  Rn  definitive,  wanajsstet  ta  vitesse  ungenlreli*  Vt  au  premier  pornt  de  matlSsg*  non  situ/  sur  la  paroi, 
l*i  tout  (3  13)  tt{3  13)  pertSeUenl  de  determiner  la  vales?  r,  de  la  tension  de  cisapterr.ent  4  U  paroi  Noton*  que 
oou*  aeons  applique'  eat  lots  mime  darts  le*  r/gtowr  de'ccUe'es  en  hint  le  sign*  <3#  rf  au  *igae  d«  V( 

La  valeur  d*  q*  au  premier  point  d*  wail  tag*  vaft*  selon  la  refiwri  de  I'ecoulrftteat  ets'annul*  mitae  en  un 
point  de  de'c-plletseni  ou  d*  resoltemeol  G'tst  pour  etUe  raissn  qu'il  est  ne’cessaire  d'uuUser  sou  tatoi  Rse'tir*. 
•ok  I*  tot  togwilhnique,  teton  que  q*  est  intetteuf  ou  swpftieut  i  «,*  Ce  pendent,  on  n»  ton  nail  pu  to  valeur  de 
q*  a  prsoti  puisqut  q*  depend  de  rt  qui  est  I'iaoenaue  Cette  difficult/  peut  lit*  r/aolue  en  ttraarqvinl,  d'ont 
part,  que  Vf  eat  une  leaciwa  troissaate  de  »*,  et,  d'aatrt  part,  que  1*  prod *«;  pV^q/p  est  tsd/pendaat 

de  r,,  done  eonsa  Le  choir  eats*  U  to;  hn/aire  (3  IS)  el  la  tor  toganihtoKpi*  (3  13)  s'effecto*  atom  en 
cosaparaoi  to  quaau/  $  V(flin  A  to  valeur  qf**  La  detettnaatroo  de  t,  a'eSecluc  exphtUemeot  dart*  to  cm  de  U  tor 


lindaire;  en  revanche,  dans  le  cas  de  la  loi  logarithmique,  nous  avons  u tilled  use  mdthode  de  Newton  pour 
rdsoudre  IVquation  implicit*  donnantr,. 

En  pratique,  le  maillage  est  ddfini  de  telle  sort*  que  la  taille  de  la  maille  prds  de  la  parot  correaponde  a  une 
valeur  maximum  de  ij+  de  I’ordre  de  30.  Ceci  pennet,  par  rapport  i  un  ealcul  aana  loi  de  paroi,  de  diminuer  d'au 
moms  trois  le  nombre  Q  de  tonea  de  sous-maill«ge,  et  done  de  diviaer  le  nombre  detentions  effectudea  dana  la 
zone  la  plus  proche  de  la  paroi  par  un  (acteur  au  moins  dgal  i  2*,  soit  3. 

3.S  TValtement  dee  conditions  aux  limltes  et  dee  racoorde  eutre  lee  eous-donuinee 

La  technique  de  traitement  dea  conditiona  aux  limites  et  dea  r accords  ddcrite  dana  ce  paragraph e  a  dtd  utilisde 
dana  lea  applicationa  numdriquea  prdaentdes  aux  paragraph**  4  et  5  pour  toutea  lea  frontierea,  i  I'exception  dea 
paroia  et  dea  Irontidrea  intemea  adparant  deux  aoua-domainea  ''Navier-Stokea’'.  Cette  technique  eat  fondde  aur  lea 
propridtda  dea  aystdmes  hyperboliquea  en  tempa;  aon  application  au  caa  d’une  frontidre  interne  E  adparant  un 
aoua-domaine  "Euler”  et  un  aoua-domaine  "Navier-Stokea"  exige  done  que  lea  effete  diaaipatife  aoient  ndgligeablea 
au  voisinage  de  £  de  telle  aorte  que  lea  dquationa  de  Navier-Stokea  ae  rdduisent  pratiquement  aux  equations 
d'Euler.  La  technique  de  traitement,  dea  conditions  aux  limites  a  dtd  propoade  dana  ( 13];  aon  application  au 
raccord  entre  aoua-domainea  a  dtd  ddcrite  dana  [9j.  L'extenaion  au  caa  de  aoua-domainea  ae  recouvrant  prdaentde 
dans  1 19)  ne  aera  pas  envisage’*  ici;  le  lecteur  intdresad  trouvera  dea  applicationa  de  cette  extenaion  eo 
approximation  de  8uide  parfaitdans  [19]  et(3j 

3.5.1  Prlndpe  de  la  methods 

Le  principe  de  la  technique  de  traitement  dea  conditiona  aux  limitea  et  dea  raccorda  peut  itre  dnoned  comma 

suit. 

En  un  point  P  d'une  Irootiire  E,  dventuellement  mobile,  d'un  aoua-domaine  B„  le  sysUroe  hypetbolique  i 
reaoudre  est  rein  place  par  un  ayatdme  equivalent  forme  par  lea  relations  da  compatibilitd  (  ou  relationa 
caractdriatiquea  )  sisaew'e*  »  la  normale  unitaire  P  i  E  en  P,  onentdt  pare  temple  vers  I'extdrteur  de  B,  Cea 
relations  de  compatibilitd  peuvent  itre  interpreters  coniine  dea  dquations  de  transport  le  long  de  directions 
particulidres  du  plan  (P,l)  Partm  lea  relations  de  compatibilitd  dentes  en  P,  on  n*  rotientque  celles  qui  traduisenl 
un  transport  de  I'mUrrieur  de  B ,  vers  1‘extdrieur  La  solution  au  point  P  eat  alon  obtenue  en  compWbmt  ces 
relations  de  compatibilitd.  soil  par  de*  conditions  aux  limites  »t  E  est  une  frontier*  externe.  soil  par  des  conditions 
de  raccord  si  E  separe  le  aoua-domaine  B,  d'un  autre  aous-domaine  Bt  Le  cas  d'un  aysUme  hyperbolique  en 
tetnpa  quelconque  eat  deem  dans  |9|  el  { 20]  Nous  aliens  ddvetopper  let  la  technique  de  traitetneol  des  conditions 
aux  (unites  et  dea  raccord*  dans  le  ess  dea  equation*  d'Euler  bulirueoaiounelle* 

3,5.8  ItcUllixui  de  cumpatlblUld  pour  tea  equation*  d'Euler 

Lea  queue  relations  de  compiUbrlit*  auocw'es  i  la  normale  0  peuvent  sVcrwe  aoui  la  tonne  retnarquabie 
»u  iv  ante 

I1U)  ul0  (~  *  k''1  .  i«.l,4 

Lee  valeur*  prupres  Xl,)  tangde*  par  otdre  crotsssai  oat  pour  esprewtta 
(3  IS)  k'“aV,.|  .  {V^V.S) 

Le*  quaUe  cosapo-Miste*  de  1  setil  de*  variables  laddfeidwte*  deenvact  lVut  du  duide.  $  cat  une  tonction 
biuutvoau*  des  variables  wmertaliKi  /  Si  on  chonut  *«{*.  od  f  eat  1*  vecteur  unitaire  noiaal  »  P 

et  V'(«  K?.  (et  coeSuient*  w*’’  de*  teWtou*  de  cotopatibaW  out  slot*  dc#  taptestioa*  U4»  simple*,  soil 

(3.16)  .u,V(0,-S*,«,l)  «®*(0,O,1,O}  «W«(-  **.0.0,1)  ww»(6,f*v«M) 

Dans  It*  relations  dt  cs-tapaubtiite  (3  14),  9/9v**v,df9t,  represent*  fa  derivation  It  bag  de  t*  direction  P,  et  le* 
metabre*  de  droit*  Sj’1  ne  tonfeeruttat  que  des  dCrtvees  t*  long  du  vecieur  f  Ung»al  &  £  Lorsque  le*  vsrishtai 
sunt  coanucs  dw*  le  sous- domain*  B,  i  1'iestsbt  r*  Is*  de'ttv/ee  l*  long  d*  {  sons  4gaism*at  Manus*.  et  le* 
relations  de  c«ap*nbrfiU  peuvent  slots  itre  ooastr&eet  corn  me  de*  equation*  it  transport  It  long  de*  dirttiwa* 
cartctftfttiqut*  3*  peat*  l/V'1  du  pita  (P.l) 

Soft  w  la  vile***  aciwal*  de  drffdscsmtal  du  point  P  5etsn  It  fmsope  e’eoaci?  cn  3  S  I,  oa  tie  reliest  que  let 
relation*  it  tompalibiliU  Unduftaat  on  transport  de  I'raterwur  d«  D,  vers  I’exUrieii;.  e'stl  i  dire  W*  (elation* 
(3  H)  oormpoodaat  au*  vskws  peoples  X,g  Wn&sst  rtadgahtf 

(3.1?)  Xw  £  * 


L’examen  dea  expressions  (3.  IS)  des  valeurs  propics  \1'’  jcontre  qu«  !a  position  de  ces  valeurs  propres  par  rapport 
ism  drfpend  que  de  la  valeur  du  nombrt  de  Mach  norma!  reianl  <Wy=>(  9'„-  w)/«  a  comparer  i-1,  0  et  + 1. 

3- 5.3  Discretisation  dea  sciaticas*  de  compatibility 

En  pratique,  la  discretisation  d'une  relation  de  compatibility  se  fait  directement  dans  le  maiilage  utilise  pour 
i'applicatios  du  schema  coarsnt  (3.3)  Le  principe  de  cette  discretisation  e3t  decrit  dans  ( 13]  et  ]9] .  Les  relations 
de  compatibility  (3.14)  aVcrtvenl  aloio  tees  simplement  sous  la  forme  daerdtisee  suivante. 

(3.18)  W*V  s  I 1—1.4  . 

o*l  la  flotation  3*  (Usi^M  la  v&ieuf  de  3  calculee  i  pajrtir  de®  vulture  de  ptpVtpE  donn^es  par  tc  schema 
nuratfrique  couraat  appliq»ic  au  point  P.  Notona  que  g  dc  ve'rifie  en  glntfrai  pas  les  conditions  aux  kmites  ou  les 
conditions  de  raccord. 

Avec  le  choir  V*  Vt,f)T,  les  coefficients  u(l>  sontdonnes  par  les  relations  (3.16),  et  les  quatre  relations 

de  compatibilite'  dtcretise'es  s'e'crivent: 

t'*'-  (/»«)■  (p.)*  v ; 

vv'-v; 

3  19) 

f,,'-CVp,,,=f‘-  (‘Vf* 

p***  +  (pe)‘ 

3.5.4  Caa  d'oro  impure  artlflclellc  fixe 

C*  cas  fst !«  seul  type  de  (tozuitw  de  (accord  isiterxenxnt  dans  les  application*  pr^nate>s  ant  paragraph**  4 
et  5  La  solution  [p.pP.pF)  eSl  ak'fs  continue  *  travers  la  Ircnutre  S  sepmaot  dent  soup-domain  rs  O,  et  et 
les  conditions  de  rascotd  expr.htent  stapisBraal  lacenunuite'  des  variables  0»v. •*•.«* tre  assentesl  qt»  la  solution  au 
point  P  est  obieoue  4  i’aide  db  systdme  liae'aire  (3  19)  dans  ieijuel  lefi  quaatiU?  mtenaedtaires  note**  " '■  sont 
eafculee*  soil  dails  le  aous-domame  £>,  si  la  reiabco  <1e  tda>*sfev-htu  cotfeapondsaut  uaduil  uo  transport  de  f), 
vers  0t.  suit  dans  te  sous- doit) sine  (1.  dans  is  iHi  iORtraite 

4.  BCOULEMKNT  DANS  UNK  CSIUU.K  D’AU«£S  f1<ANB 

4.1  Oae  tie  c*I«d 

l/apfo'it4ti»n  pefsenw'e  4ans  «  tsrsirsphe  **i  relative  4  iVcooWmsst  tottbifcot  dans  tm«  grille  de  cempw»*ut 
wpenwtttqite  dUidiee  i  ha  SNKCalA  t.a  tesfueur  4*  referent*  L*  chit#*  4Hei  rencowbntmeot  Mia)  d'ua*  nht, 
It  notable  de  Reynolds  (de5n  att  paragraph*  l.i)  est  <*«!  4  Ht*o-  SOSOCx)  Le*  eafeup,  ontdiy  otfectues  p*?ur  trots 
vafenra  de  U  eoctt«-pte*3»a  aval,  et  p«jyr  un  taitae  4'<;aie*ssM  *Ji»i-iiS  carat:  to  rue  par  uo  corn  bra  de  Mach 
W)^  MS  si  up  angle  d'rmrsdeare  o,**  W,5* 

4.3  Udiwupajj*  en  tcua-dottititu* 

!.t  dowaiae  de  cateul  (Pig  4)  e*t  ivsitse  par  ds;ii  de  pettedtsrtr?  mwtfts  eeasih’etaeal  w  feulieu  de 

ieoi  taesu*  taUr*nhe*  «ons4eu6fr,  par  use  fioatieie  scsiist  pa'siMhi  *u  Itoav  d*  grill*  «t  par  une  (teablre  sv»i 
«e{e(>4itij»2ivs«*ai  petpefeditiihnj*  4  re'SxsiieicniCt  Cj  drsiaantt  i?i  dyoiupf  *s  e«tq  (tacs-dotimnts  de  la  tssasif* 
sunatiW  t*»  sowe-dotnainea  i>lu  et  U™.  iSefcs  lesqsreb  m>at  lesoUiei  i*a  equeliona  de  Nav«t>Sfe santt  «it 
1*  beg  d*  I'iatrad-st  *i  4*  re-i5f»;i*  df  i'ashe  et  **  prolongf at  vet*  1'avaJ  de  part  et  d'autre  de  !» lige*  de  tanlbgr 
L*  ttsi it  dtt  bntd  de  fuit*  Le  Mite  du  doese:*?  dr  talcs!  est  dor  ire  es  trees  esse-dotstaiet*  oil  anal  M'fOluej  Its 
equiUOM  d’Esler  onrapfitw  os  *i-y*'da»><iae  |?J'V  srut<  e»  adnoftt  du  treat  de  jtd5«,  et  deux  eous-dotnaeaet  i),"* 
ti  0,lfi  sVWftdMt  isirtsi  dsotes  it  P4P.Vr.  ;tt»qs'»  (a  (toauit*  de  pritodmld 

4- 3 OuxSsW  wra  i’unlte* 

A  In  paroi  de  1'Mhe,  Pa  impose  I'fclhtKnr*  du  Suede  ainsi  que  l»  ealeut  de  f»  templrainte  L*  pr*M*»  est 
deUisime’e  «a  ssppoftut  Rati*  w  swvxal  U  target)  te  4  S»  Ugtte  de  taxi  Urge  X*  owed  paetoftl  par  le  pens', 

wwide'ry.  iiqsassseat  atsutraie  4 1*  peroi 

Sot  la  ftoaUit*  aacftt,  fe*  rotdiWas  tdttdnUioM  et  U  ntnft  taag/tMatO*  &  pmW  t*  Id,  et  de  o, 

xo«l  u&pcade*.  L'«otiU.itt»l  cat  etteftu  4  t’aide  de  «J  Uca  aeodilmts  aux  Unit**  compceiees  par  t*  teUboii  de 
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compatibilite'  cortespondanti  un'e  propagation  de  I’informaUon  d*  I'uitdrieur  <iu  domauie  de  caicul  vers  I'extdrieur 
(voir  paragraphs  3  S) 

Sur  la  frontiire  aval,  ainsi  que  sur  I'sic  AB  (Fig.  4)  de  la  IronUire  laUfrale  du  domaine  d«  caicul  u’ayant  pas 
d'bomologue  par  pdnodiciW,  on  applique  jne  condition  de  "non- reflexion",  quis'dcrit 


(4-1) 


2l 

at 


QK 

pa  - =0 . 

at 


otl  V,  d*signe  la  composant*  de  la  Vitesse  suivant  la  nomiale  a  la  Ironlidre.  onentee  vers  I'exterteur  du  domaine 
de  caicul  On  remarque  que  cette  condition  (4  1),  qui  conduit  a  un  probleme  malhematique  bien  posd  |2l],  ne  fixe 
pas  la  valeur  de  la  prsssion  station  e  sur  I*  fronti<re  aval,  tnais  que  celle-ci  peut  varier  dans  le  temps  en  fonclion  de 
la  vitesse  normale  Les  autres  grandeurs  caractfnstiques  de  IVcoulemeut  sont  obteuues  a  1‘aide  des  trois  relations 
de  compatibilite  devant  ebre  utilise'es 

tusda  la  condition  de  penodicite  eat  applique'e  sur  les  deux  (rontidres  latdrales  du  domaine  de  caicul  (except* 
I'arc  AB);  son  traitementa'eflectue  de  lamdme  (aeon  que  celuid'une  coupure  enlre  deux  sous-domwnes 


4-4  Description  des  caicul* 


Les  calcuts  ont  ete  eSedues  4  l‘aide  du  modile  de  longueur  de  melange  et  en  appliquanl  les  lois  de  paroi 
decrites  au  paragraphs  3  4  Les  conditions  miUales  resultant  d'un  caicul  edectuf  sa  approximation  de  Quid*  paxlait 
qui.  en  outre,  permet  d'une  part  <L  uaiiter  I’e'cart  entrt  la  centre-  gresstou  mitiale  el  la  centre- press  ion  i 
convergence  dd  4  1'appltcation  de  la  condition  dr  non- reflexion  (4  j),  ct  d't-utie  part  de  determiner  par  uue 
technique  d'ajustemcat  la  ligne  de  romllage  t$  comma  etanl  la  bgne  de  courant  issue  du  bord  de  full*  de  I'aube 
Ce  dernier  point  permit  d'assurer  qu‘4  iris  grand  notabre  de  Heynolds,  le  ullage  vtsqueux  est  coatena  dans  les 
sous-domames  “Navier-Stokea"  sans  qu'il  soil  necessaire  d‘en  augmenter  exage'remeut  I'eUndue  transversaie 
Le  tableau  sutvatl  mdique  tea  valeurs  de  la  coaire-pretsion  aval  ( pt/p.,)  caxactenstiques  des  trois  caleuh 
(notes  respecliveuienl  u.6  el  e).  amsi  que  les  vulture  du  noiubre  de  Mach  {M^}.  de  lapression  d*arr4t(p,?)  el  de 
la  direction  («-}  de  IVeouletsimi  aval  Ce  dernier  u'etant  pas  uniform*  ( i  la  did  ere  nee  d*  1'e‘eouletnenl  araonl)  les 
grandeurs  aval  soot  en  flit  obtenues  &  I'mde  d'une  operation  de  uioynnae 
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domain M  *74avr»r. Stokes*  «t  ctastilut  de  deux  imii  de  ►SKs-mai'isf;!  (|  33)  et  coaporU  164x20  *>  3S*o 
sorade  da  tact*  LVnqsletaetst  r  qui  oaOMjwnd  i  i*  osatrt-prmniti  la  p!u»  etevde.  present*  »e  an!  de*  couches 
xwqueuse*  pfei  Ipamte*  q«e  f*H»r  te»  tfosuiemebb  *  «i  *.  el  r*r  co«#qu*ni  le*  wwdowasst*  Kxeiw-Stoxer 
fid  aglands  dad*  ta  dueittre  Iritmiult  lb  *4*1  UKlt  cunt  Situ#*  de  deux  tone*  de  *ou*-m*iUtge,  to  art 
taper  Uni  164x34  **  J®38  eotud*  dutact*  l1*,-  t-satUuctMS.  le*  ton  *  dot*  acne*  0i*‘}  et  coesptiicnt 

teepetitvetam  810*15  «  8M0  noeude,  44»«  a*  435  noted*  el  2i0*l2  «  mo  aaecd*  t'^wnedar  d*»  ses? 
dema***  -Nasiet  StokH*  oacmpefcd  4  Sirens  •*&•*  ■Skier*  pov  5»*  m*  *  U  *,  ti  ««ss«  <nar!!e:  -J^ier*  paur  k 
cm  e  Dees*  ee  detswet  m,  U  ttadie  fotixunl  S*  part*  a  uae  XpaiMtir  v^aie  4  environ  0.003  (on  npfoile  q»»  Ja 
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longueur  de  reference  est  l’encombrement  a  al).  A  la  traversde  dee  coupures  se'parant  un  cous-domaine  "Euler"  et 
uc  sous-domaine  "Navier-Stokes”  (  par  example,  et  ),  la  taille  de  la  maiile  subit  une  reduction  d'un 
(acteur  cinq  dans  la  direction  transversalo;  cette  discontinuitd  de  la  mdtrique  ne  pose  pas  de  proble'me  numdrique 
particulier  grdce  i  la  technique  de  raccord  entre  sous-domaines  utilisde  (  §  3.5  ). 

4.5  Presentations  des  rdsultatfl  nume'riques 

Les  champs  d’dcouhinents  calculds  pour  les  trois  valeurs  de  la  contre-pression  du  tableau  precedent  sont 
illustre's  par  les  figures  6  d  fi  repre'se-.cant  les  cartes  du  nombre  de  Mach.  Bien  que  cela  n'apparaisse  pas  sur  ces 
figures  et  alors  que  toutes  les  car'.Mristiques  de  I’dcoulement  ne  sont  pas  fixdes  sur  la  frontidre  amont  (  §  4.3  ), 
1’examen  des  rdsultats  numdriques  montre  que  I’dcoulement  en  amont  du  bord  d’attaque  est  inddpendant  de  la 
contre-pression  aval.  Pour  les  deux  plus  faibles  valeurs  de  la  contre-pression,  1’dcoulement  rest*  entidrement 
supersonique  dans  la  rdgion  de  fluide  parfai  .'  la  contre-pression  croissant  ( passage  du  cas  a  au  ces  i),  le  choc 
oblique  issu  du  bord  de  fuite  de  I’aube  a  pivotd  vers  l’amont  et  son  intensitd  a  augmentd,  conduisant  d  un  fort 
epaississement  de  la  couche  limite  intrados  qui  se  trouve  alors  destabilisde  a  la  limits  du  ddcollement.  Pour  la  plus 
grande  valeur  de  la  contre-pression  (cas  c ),  des  zones  subsoniques  apparaissent  dans  la  rdgion  de  fluide  parfait  et 
on  constate  une  stucture  de  choc  en  "X"  qui  results  de  la  rdflexion  singuhdre  du  choc  de  bord  de  fuite  sur 
I'intrados  de  l’aube,  induisantun  ddcollement  de  la  couche  limite  intrados  etun  fort  dpaississement  du  sillage 

Cette  analyse  des  trois  dcoulements  est  confirmde  par  Pexamen  des  figures  9  a  11  qui  reprdsentent  I’e'volution 
de  ia  pressior.  statique  sur  1’aube  et  le  long  de  la  ligne  de  roaillage  Z,s  qui  se  situe  approximativement  au  centre  du 
sillage.  De  plus,  pour  le  cas  c,  la  figure  11  prdsente  une  compt raison  avec  un  calcul  effectud  en  approximation  de 
fluide  parfait,  et,  comme  il  dtait  prdvisible,  les  effets  visqueux  se  traduisent  essentiellement  par  un  ddplacement 
vers  I’amont  des  ondes  de  choc  qui,  aux  parois,  se  transforment  en  compressions  continues  de  plus  faiblo 
intensitd. 

Les  figures  12  a  14  reprdsentent  Involution  de  I’dpaisseur  de  ddplacement  des  couches  limites  intrados  et 
extrados  On  observe  que  seule  la  partie  aval  de  la  couche  limite  extrados  a  dtd  fortement  modifide  par 
(’augmentation  de  la  contre-pression.  Ces  figures  metient  dgalement  en  e'vidence  qu’au  voisinage  du  bord  de  fuite, 
les  couches  limites  intrados  et  extrados  subissent  des  e'volutions  inverses,  resultant  respcctivement  d’une  ddtentc 
et  d’une  compression  de  I’dcoulement 

Enfin  la  figure  15  reprdsente  des  profits  de  vitesse  a  I’intrados  de  I’aube,  a  I’oxtrados  et  dans  le  sillage  ealculds 
pour  le  cas  c,  mettant  en  dvidence  le  ddollemenl  puis  le  recollement  de  la  couche  limite  intrados  en  aval  du  choc. 

Le  calcul  de  cet  dcoulomcnt  c  effectud,  rappelon3-le,  avoc  deux  zones  de  sous-maillage  dans  lee  sous-domaines 
"Nav:er-Stokes’’  et  un  nombre  total  de  points  de  maillage  dgal  a  13344  a  ndcessitd  8000  cycles  pour  atteindre  une 
convergence  satisfaisonte,  ce  qui  correspond  a  1850  secondes  de  temps  CPU  sur  un  ordinateur  CRAY-lS. 

6.  OOMPARAISON  DE  MODELES  DE  TURBULENCE  HOUR  UNE  INTERACTION  ONDE  DE  CHOC- 
COUCHE  LIMITE  EN  CANAL. 

6.1  Cas  do  calcul 

Des  simulations  nume'riques  de  ('interaction  d’une  onde  de  choc  avoc  une  couche  limite  turbulente  dans  ur. 
canal  bidimensionnel  symdtrique  ont  dtd  prdsente'es  dans  [22|  et  [23|  pour  une  situation  de  ddcollement  naissant, 
et  pour  une  situation  de  ddcollement  dtendu.  Les  rdsultats  obtenus  avec  le  moddlo  algdbrique  §  2.2  puis  avec  le 
modele  (*,()  (§  2  3)  ont  fait  l’objet  de  comparaisons  avoc  des  mesurcs  ddtailldes  obtenues  a  I’aide  d’un 
Vdlocime'tre  Laser  a  deux  composantes  (24).  Nous  reprenons  ici  la  comparaison  portant  sur  I’interactron  avec 
de'collement  c'tendu,  dont  les  rdsultats  sont  les  plus  significatifs  En  effet,  bien  que  la  configuration  dtudide  ne 
reprdsente  pas  totalement  la  complexity  des  dcouleraentB  dans  les  turbomaehines,  elle  apparatt  comme  un  cas 
d’dprcuvo  trds  significatif  pour  les  moddles  de  turbulence. 

La  longueur  de  rdferenco  L0  cholsie  dtant  la  hauteur  maximale  du  canal,  le  nombre  de  Reynolds  est  dgal  a: 
Re„=  2,078  10s. 

5.2  Decomposition  en  o”a-domalnea 

Le  canal  considdt.  dtant  symdtrique,  le  domaine  de  calcul  (Fig  16),  limitd  de  (aeon  naturelle  par  la  parol 
infdrieure  et  I’axe  do  symdtrie,  est  divisd  en  deux  sous-domaines  de  la  iacon  suivante  Une  coupure  £ 
longitudiuale  sdpare  un  sous-domaine  D,,  jouxtant  la  paroi  et  contenant  la  couche  visqueuse,  d’un  sour-domaine 
Dt,  oil  les  effets  vn.,,j«ux  sont  ndgligeabies  etod  les  dquations  d’Euler  remplacentles  dquatioas  de  Navier^Stokes 

5.3  OondlUons  aux  limites 

A  la  paroi,  on  impose  I’adhdrence  du  fluide  (*=ti=»0)  etun  flux  de  chaleur  nul  [dt/d  t)  =  0)  La  pression  est 
calculde  par  discre'tisation  de  I"  composanto  de  I’dquation  de  quantity  de  mouvementsuivaat  la  tan,  ate  a  la  ligne 
do  maillage  X=  const,  passant  par  Is  point  considdrd  de  la  paioi 
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Sur  I'axe  de  aymetrie  (frontiers  de  Df)  on  impose  une  condition  de  glissement  qui,  d  convergence,  est 
equivalent*  en  fluide  pari  ait  a  la  condition  de  symtftrie. 

Sur  la  frontiers  amont  de  Df  et  de  D„  les  conditions  generatrices  et  la  direction  de  I'tfcoulement  sont 
imposcer.  LYcouIement  est  obtenu  a  l’aide  de  ces  trois  conditions  aux  limites  completes  par  une  relation  de 
compatibility. 

Enfin,  sur  la  frontiers  aval  de  Dt  et  de  D„  la  pression  statique  est  fix^e  et  les  autres  grandeurs  sontobtenues 
e  1'aide  des  trois  relations  de  compatibility  devant  £tre  utilisees.  La  position  de  I’onde  de  choc  depend 
essentiellement  de  la  valeur  de  la  pression  statique  imposee  i  I’ava!. 

Compte  tenu  du  caractdre  convectif  des  equations  (2.11),  k  et  <  sont  fixes  st  des  valeurs  k ^  et  sur  la 
frontiere  amont,  et  sont  extrapoles  sur  la  frontiere  aval;  et,  sur  la  coupure  E,  i  e t  <  sont  fixes  aux  valeurs  k^  et 
<nlSl  lorsque  le  fluide  va  de  Df  vers  D,  et  sont  eaten  Ids  par  le  sche'ma  numerique  lorsque  le  fluide  va  dans  la 
direction  opposee.  Les  valeurs  et  emJa  sont  choisies  tres  petites  et  de  telle  sorte  que  p,/p~ 10"*,  mart  non 
nulies  pour  eviter  que  les  termes  de  production  des  equations  (2.11)  ne  soient singulars.  De  plus,  sur  la  frontiere 
aval,  la  quantity  imposee  est  alors  une  “pression"  p  ’  definie  comme  la  contrainte  normals  moyenne,  e’est  d  dire  : 
p'=p+2/Zpk . 

6.4  Description  des  calcula 

Un  premier  calcul  de  l’interactiou  onde  de  choc-couche  limits  a  ete  effectue  avec  le  modele  de  longueur  de 
melange,  a  partir  de  conditions  initiates  correspondent  £  un  ecoulement  non  visqueux  monodimensionnel.  La 
pression  statique  imposee  sur  h  frontiere  aval  a  ete  ajustee  i  une  valeur  pa=O,667p,0  de  facon  a  fairs  coincider  au 
mieux  1'onde  de  choc  calcuiee  avec  l'onde  de  choc  experimentale.  Cette  valeur  difidre  de  la  valeur  experimrntale 
0,648pl0,  pour  une  part  on  raison  des  eflets  tridimonsionnels  dus  a  la  presence  de  couches  limites  laterales 
dans  I'experience.  Le  maillage  utilise  (Fig.  18)  comprenci  181x13  =  2353  noeuds  dans  0,,  et  181x53  =  9593 
noeuds  distincts  dans  D,.  Le  maillage  de  D,  comprend  huit  zones  de  sous-maillage,  le  premier  point  de  calcul  est 
i  une  distance  rdduitc  i/+=*2,4  et  le  rapport  des  tallies  dans  la  direction  transvereale  y  d’une  maille  proche  de  la 
paroi  et  d’une  maille  proche  de  I’axe  de  symetrie  est  egal  st  0,003.  Des  essais  numeriques  ont  montre  qu’un 
resserrement  de  maillage  plus  important  dans  la  direction  y  ne  modifie  pas  la  solution,  et  les  calculs  peuventainsi 
$tr«  con.iderea  comme  asses  precis  pour  valider  une  comparaison  entre  des  modules  de  turbulence. 

Un  deuxieme  caleul  de  l.'interaction,  avec  le  module  (*,<),  a  ete  effectue  dans  le  m*me  maillago  L’etat  initial 
pour  ce  calcul  correspond  a  la  solution  obtenue  avec  le  module  de  longueur  de  melange,  les  valeurs  de  k  et  r  etant 
calcuie«s  4  partir  du  champ  de  viscosite  turbulenta  i  I’&ide  des  relations  suivantes: 


tTF  du  dv  . 

- ««._  5V(  —  +  - —  ) 

0,3  dy  dx 


A* »  .  du  dv 

—  ( - +  - 

p  dy  dt 


Dans  la  region  proche  de  la  paroi  oil  le  module  (i,<)  est  ’•emplace  par  le  modiile  algebrique,  les  relations  (5.1) 
sont  egalement  utilisefea  pour  donner  des  valeurs  i  k  et  *.  La  pression  imposes  i  I'aval  a  l»  m<me  valeur  que  dans 
ralcul  avec  models  algebrique. 


5.U  .Presentation  dea  rdsultata  numeriques  et  oompsrsleon  avec  I’experience 


L  exaroen  des  cartes  du  nombre  de  Mach  calcuW  a  i'aide  des  deux  modeies  (Fig  17)  permet  de  constater  que 
la  region  d'interaction  est  beaucoup  plus  etendue  avec  le  models  (*,<)  qu'avec  le  raodeie  de  longueur  de  melange. 
L'ecoulement  calcule  par  le  module  (i,«)  present*  une  onde  de  choc  ayant  une  structure  en  "X"  bien  defime 
correepondant  i  une  region  decodes  nettement  plus  important*  (comme  le  confirme  I’exaroen  de  la  figure  18 
representant  les  lignes  de  courant).  La  position  de  l'onde  de  choc  est  sensiblement  plus  en  amoat  que  cells 
calcuiee  par  le  module  algebrique. 

En  raison  de  ce  decalage,  les  comparaisons  quantitatives  qui  suivent  seront  effectuees  en  considerant  une 
abscirse  relative  *  -  *5,  ovl  x0  designs  t'origme  de  I'interaction  definie  comme  le  point  oil  la  pression  parietale 
commence  icroitre 

Los  distributions  tie  pression  parietale  ainsi  txacees  (Fig  19)  montrent  que  la  compression  predit*  par  le 
models  de  longueur  de  melange  est  trop  raids  alors  qus  t'accord  avec  I’experience  est  bien  meilleur  avec  le  model* 
(k,t)  En  particular,  le  plateau  de  la  distribution  experimental*,  curacteristique  d’une  region  decodes,  est  bien 
represente  par  le  calcul  avec  le  model*  (i,<),  alors  qu’ll  n’spparaitpas  avec  le  modele  ..Ugebrique. 

Cc pendant,  la  distribution  d'epaisseur  de  deplacement  {*(*- »0)  (Fig  20)  predit*  par  le  models  (i,<)  n'esten 
bon  accord  avec  I'experience  que  dans  la  premiers  psrtie  de  I’interaction,  le  retoui  i  I'equilibre  etant  en  revanche 
mal  decrit  Pour  le  models  de  longueur  de  melange,  le  bon  accord  apparent  de  <“(x-xc)  avec  la  distribution 
experimentale  est  dtl  en  fait  i  une  compensation  dss  imperfections  des  profile  de  vitesse  calcuiee,  represents  sur 
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!a  figure  21.  L’examen  de  cette  figure  confirme  dgalementque  les  profils  de  vitesse  obtenus  avec  le  moddle  (*,<) 
ne  coincident  avec  l’expdrience  que  dans  la  partie  amont  de  (’interaction  alors  que  le  processus  de  relaxation  en 
aval  n’est  pas  correctement  prddit.  Cette  mauvaise  description  de  l’gcoulement  en  aval  de  ['interaction  conduit  a 
une  surdvaluation  de  la  longueur  du  ddcollement  par  le  moddle  (k,t).  On  peut  constater  toutefois  que  la  valeur 
de  la  vitesse  externe  obtenue  par  le  calcul  (k  ,<)  presents  un  bon  accord  avec  les  rr.esures  pour  les  quatre  profils 
de  vitesse  prdsentds, 

L’exainen  des  profils  de  tension  de  cisaillement  turbulente  (Fig.  22)  montre  que  les  deux  modeles  prddisent 
une  croissance  trop  rapide  du  maximum  de  la  tension  de  cisaillement  au  debut de  ['interaction.  En  revanche,  dans 
la  partie  aval  de  1' interaction,  le  modele  de  longueur  de  melange  conduit  d  une  decoissance  trop  rapide  de  ce 
maximum,  alors  que  le  moddle  [k  ,e)  prddit  un  processus  de  relaxation  trop  lent.  Pour  les  rdsultats  avec  le  module 
(k  ,e ),  on  a  dgalement  effectud  une  comparaison  entre  les  profils  d'dnergie  cindtique  de  turbulence  calculds  et  les 
profils  expdrimentaux  (Fig.  23)  mettani  en  dvidenco  une  sous-dvaluation  de  k ,  en  particulier  dans  la  premio're 
partie  de  l’interaction. 

Les  principales  conclusions  se  de'gageant  des  comparaisons  pre'sentdes  sont  les  suivantes.  L’inadaptation 
gdndralement  admise  du  modele  de  longueur  de  mdlange  d  reprdsenter  de  grandes  rdgions  ddcolldes  estconfirmde. 
Le  mode'le  (k ,()  amdliore  grandemont  la  prediction  de  la  pression  paridtale,  et  donne  une  bonne  reprdsentation  de 
la  premiere  partie  de  l’interaction.  Cependant,  plus  en  aval,  la  solution  obtenue  par  ce  modele  prdsente  des 
differences  notables  avec  l’expdrience  et.  en  particulier,  une  trop  lenta  relaxation  vers  un  nouvel  dtat  d’dquilibre 
Un  tel  desaccord  est  sans  aucun  doute  dtl  d  une  mauvaise  prddiction  des  tensions  turbulentes,  ce  qui  peut 
remettre  en  cause  le  concept  de  viscositd  tourbillonnaire  pour  des  interactions  aussi  fortes. 

Le  calcul  de  I'dcoulement  avec  le  modele  algdbrique  et  huit  zones  de  sous-maillage  a  ndcessitd  5000  cycles 
pour  obtenir  une  position  stable  de  I'onde  de  choc,  ce  qui  correspond  d  cinq  heures  de  temps  CPU  3ur  ordinateur 
CRAY-1S.  Ce  codt,  admissible  pour  ur.  calcul  od  1'on  veut  comparer  des  modeles  de  turbulence  de  manidre  fine 
a  I'exclusion  de  route  autre  approximation,  est  en  revanche  inacceptable  pour  des  applications  de  type  industriel 
comme  cellos  prdsentdes  au  paragrapho  4,  off  des  iois  de  parol  avaient  permis  d'augmenter  considdrablement  la 
taille  de  la  maille  d  la  paroi,  et  done  de  diminuer  fortement  la  durde  du  calcul. 
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DISCUSSION 

H-Stoff,  Switzerland 

La  l-'igurc  1 7  mimtre  urt  ehoc  cn  (orate  do  X  prt*  tie  t«  separation  dc*  domain#*  tic  eatcut  visqucux  cl  nwvvisqucux.  I)  sc 
po*e  la  question  do  savoir  cuiumeitl  vous  importer  la  taiik  du  domains  tic  eakul  viiqucux  cn  comidctant  Is  tcsulitu 
obtaui  ajwe*. 

Rcpoou  d1  Auteur 

La  teelmiquc  dc  (Accord  cmre  k*  divers  sous-domaiitc*.  taodfr  tur  i\i  dilation  dc*  relations  earactthi*iiquc*  (tto 
relations  dc  compatibility),  cxigc  quo  U  frontllrre  sejtaram  deux  .wus-dtmuinc*  soli  dunk  datu  uoc  region  oil  lex  diets 
vlsqucux  soot  ikgtlgcabk*.  Daw  lous  tes  eakul*  prdsciuis  (gillies  d'eube,  canal  2D),  la  position  dc*  interface*  ikparaut 
deux  sous-domaine*  eii  fixec  a  priori.  On  vdide.  i  posteriori,  que  les  eotiehw  visqueusc*  soot  cffectlmucm  confinies  & 
rinierlcur  dc*  sous  dor  wines  ’"Navier-Stokcs".  Cette  vdrification  s'cifectue  par  simple  examen  dc*  «>urbe*  Uo-nombre 
dc  Mach.  Une  solution  plus  saiisfalsamc  mail  dc  wise  cn  oeuvre  plus  eompkxe,  consist  cr  ait  a  ajustcr.  au  count  du  cakul 
Itciotif,  la  geometric  dc*  interface*  a  cede  des  ftotukrc*  dc*  couches  viiqueute*. 
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Summary 

_Vhe  development  of  time  marching  methods  to  analyse  blades  started  at  Rolls-Royce  in  the 
mid  seventies,  when  sufficient  computing  power  wan  becoming  available.  It  was  recognised 
that  such  aothods  had  much  to  offer,  especially  for  transonic  and  supersonic  flows.  Since 
then  several  different  algorithms  have  been  developed  to  predict  both  quasi-.3D  and  30 
flows.  At  present  the  time-marching  methods  are  used  to  solve  the  unsteady  Euler/Navier- 
Stokes  equations  to  produce  a  time  stoady  solution. 

Future  developments  are  aimed  towards  predicting  loss  accurately,  and  to  investigate 
unsteady  effects  such  as  vortex  shedding  and  incoming  wakes. 

Nomenclature  f 

C  local  speed  of  sound  in  air  s  Art 

Cp  specific  heat  at  constant  pressure 

Cv  specific  heat  at  constant  volume 

€  specific  internal  energy  »  CeT 

E  total  specific  energy  »  ft  ♦  ^ 

It  stream  tube  height 

N  total  enthalpy 

I  rotholpy  «  li  -  (If  V» 

It  conductivity 

tn  meridional  distance 

p  pressure 

P»  molecular  Pt-andtl  number,  0.73 

Pd  turbulent  J’randt  1  number.  0.U0 

$  heat  conduction  flux  » 

r,6,*  polar  coordinates 

R  ga*  constant 

S  arc  length  on  blade  .turf ace 

S  surface  area 


temperature 

absolute  velocity  vector 

relative  velocity  vector  V"4»  V*  -  Clr 

"hade*  angle  of  stream  surface  of  revolution  to  axial  direction 

boundary  layer  displacement  thickness 

density 

rotational  spaed  (rad/ sec) 
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ratio  of  specific  heats  =  Cp/Cv 
turbulent  eddy  viscosity 


laminar  molecular  viscosity 
total  stress  tensor 
ft  viscous  stress  tensor  «  £  *  pi 

4V  elemental  volume 

scripts 

total  conditions 


components  in  polar  coordinates 
meridional  component 
upstream  conditions 

local  grid  coordinates  {in  2,e,r  directions) 


During  the  last  ten  to  fifteen  years  time-marching  methods,  for  internal  lurbo- 
waoh inery  flow  problems,  have  progressed  continuously.  Originally  applied  to  two- 
dimensional  cascade  flow*  with  the  restriction  of  an  inviscid  gas,  to  the  present  day 
when  three-dimensional ,  viscous  flow  problems,  in  both  steady  and  unsteady  states, 
are  being  attempted.  Hand- in-hand  with  the  development  of  the  methods  ha®  been  the 
major  developments  of  computer*,  and  the  increase  in  the  siae  of  the  memory  which 
they  may  access.  The  voles  have  reversed  several  times,  in  that  at  times  methods 
have  been  running  ahead  of  available  computing  power,  whereas  at  other  times 
computing  power  lias  raced  ahead  of  the  methods  development.  Tine  marching  in  this 
context  refers  to  a  method  which  solves  the  unsteady  compressible  equations  of 
continuity,  energy,  and  either  ties  Inviacid  (Ruler)  or  vieesus  (Navler-Stokes) 
aquation*  of  mot  ion  expressed  in  conservation  frtm,  via. 

saasiiayix  o  <o 


(Navler-Stokes)  Ityti  *  v>yY)  ~tf.fi  =  o 


♦  TUfHV*  -V'.fjt.V)  a  0 


The  se-iutlen  is  advanced  in  tisur  {“marched*)  to  yield  either  a  tine  steady  (asyototie 
solution),  or  to  provide  an  unsteady  (time  accurate)  solution.  The  first  applications 
of  time-marching  for  steady'  slate  solutions,  to  the  flow  patterns  Inside  vutboetethines, 
were  based  uoon  solving  the  finite  difference  form  of  the  partial  differential 
equations.  Without  special  treatment  of  tite  conservation  variables,  this  discretisation 
suffers  accuracy  problems,  particularly-  in  the  regions  of  solid  boundaries  and  stack 
waves,  This  can  he  overcome  by  use  of  so  called  iso-parametric,  transformations,  but  a 
simpler  method  is  to  dlftcretlee  the  equations  using  a  ‘finite  area1  method  as 
described  originally  by  P  K  Kclionaid  (10?i)  for  two-dimensiortal  flew,  and  its  natural 
extension,  the  'finite  volume1  method  for  three-dimensional  flow  (Appendix  A). 

KcttenalH's  finite  area  method  for  two-dimensional  flow  was  relatively  slow  on  tire 
computers  of  the  day,  due  mainly  Vo  solving  on  over- 1  Spying  hexagonal  elements,  it 
was  also  United  to  solving  the  ieeiilrcipic  dentlty  -  pressure  tel  at  ion  ship .  the  host 
serious  result  of  which  was  that  only  weak  stack -waves  could  be  accommodated. 

0  Denton  (19Td)  overcame  these  two  problems  by  using  a  simplified  grid  structure 
(the  "sheared"  grid),  stabilising  the  procedure  using  «;»» Sliding  and  d-.wnwi  tiding  with 
correction  factors  to  achieve  greater  accuracy  in  the  steady  state,  and  introducing 
the  ideal  gas  equation  instead  of  the  isenltepie  equation,  The  result  of  these 
Innovations  was  that  engineering  accuracy  could  he  achieved  in  acceptable  computer 
fun  times,  ami  shocks  of  any  strength  could  be  captured  with  their  respective  losses 
of  total  pressure  predicted. 

It  was  with  this  proven  capability,  that  the  first  author  embarked  in  W75  on 
writing  his  initial  time-marching  program  for  turbomachinery  flows. 

In  the  present  paper  only  explicit  formulations  of  the  equations  are  presented,  as 
pursued  by  the  authors.  The  method*  developed  are  for  both  gua*i-31>  and  full  3D  flow. 
Ulade*  are  normally  designed  and  analysed  in  sections,  being  essentially  2D  with 
allowance  made  for  radius  and  stream  tube  height  variation.  The  complete  71)  blade 
definition  is  achieved  by  stacking  these  "sections",  from  hub  to  casing.  An  analysis 
of  the  blade  is  then  uiulertaken  to  examine  the  3D  nature  of  the  flow,  which  r.ny  result 
in  a  re- stack  of  the  sections,  or  their  re-design. 
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2,  Quasi  Three-Dimensional  (Q- 3D)  Flow 

In  the  design  stage  of  axial  flow  turbines  or  compressors  it  is  convenient  to  describe 
the  flow  as  being  confined  to  assumed  axi symmetric  streamtubes,  their  definition  being 
provided  by  a  previous  throughflow  analysis.  The  flow  is  essentially  2D  but  confined 
to  a  meridional  stream- surface  (defined  in  figure  1),  wit.  the  expansion  of  the  stream- 
tube  described  by  a  parameter  h,  termed  the  streamtube  height. 


the  equations  solved  are  those  of  Inviscid  flow,  expressed  in  conservation  form,  for 
a  relative  frame  of  reference.  In  addition  for  convenience  the  unsteady  energy 
equation  is  not  solved,  and  instead  replaced  with  the  assumption  of  isorothalpic 
flow,  thus « 

a.  -rkSi  +  B  =  O  <4> 

it  rR  4*n  rh 


1 p 

i  F  = 

r  V* 

»  0  * 

fM* 

rh(  p  ♦/OVd) 

Vy>V/»Wm 

prV* 

r»Jr/0W,WU 

rW(p  VV*> 

WH  n-y'3 


this  system  of  equations  is  closed  by  combining  the  energy  and  perfect  gas  equations. 

M/aRT  (S) 


The  relative  total  tesqserature  is  given  by  eynoervntion  of  rothaipy  t  on 

the  inviscid,  non-conducting  * t rear*  surface. 


"Cm  **  X<*i, 


*4 


U>) 


8et»e»*»  t lBe»na*ehing  seMees  have  been  s«lMw  to  solve  equations  1-3,  and  are 
collectively  known  as  TltAS  (fine  Iterative  ANa.tyS.is),  aivd  for  slap! icily  *e  shall 
refer  te  them  as  TITAN  1,  2  and  3.  the  basic  nesb  fet  each  is  at-,  ’M*  nr  •sheared* 
grid  fitted  in  the  relative  frarse  (figure  2,  shewn  fer  a  left  handed  set  of  cenrdi nates 
fwllewing  tv>rt*al  tuth«*»acbinef>'  practice),  whi i\h  has  tile  great  virtue  of  simplicity, 
and  is  adequate  for  nest  pf  act  leal  prcblens.  tkarthlary  Condition*  Have  to  he  applied 
for  APCPfePuMA .  Ah  and  CM  are  the  upstream  pericdie  or  repeating  boundaries,  CO  and 
fif  the  downst lean,  and  conservation  variables  are  equalised  at  each  «er idinma.l  grid 
point. 

8S*C  and  are  solid  bo’ihdarle*  abets  flee*  tartgeno*  is  enforced  for  an  Euler 

fnrwslatiem  nf  the  etf-tat  ions,  dr  *»e«slip'  for  a  ha 'tier -Stokes  (viscous)  fOMhilatioh. 
At  the  upstteax  plane  Alt  three  condt'lane  are  necessary,  the  relative  total  pressure 
and  teBperatvire,  and  either  the  relative  fits*  angle  for  subsonic  flew,  or  the  relative 
swirl  velocity  for  Supersonic  flow.  Downs t roan  be  gust  has  a  pitchwise  constant 
static  pressure  specified. 

In  the  present  fotvmlation  the  change*  for  equation  4  are  evaluated  by  finite  volumes, 
by  application  of  Gauss*  theoren,  as  indicated  in  Appendix  0. 


TITAN  1  (1973) 

The  metbrd  Is  essentially  based  on  Denton's  (1974)  original  cell  Centred  sches*. 
yi>>>re  3.1  shews  a  typical  element  1234,  extending  over  tun  (equal)  pit„h*>iee  («*)  grid 
spacing*,  and  overlapping  half  of  the  adjoining  elerent.  Changes  in  the  conservation 
variables  are  obtained  at  the  centroid  C  of  1234  by  i  finite  volume  method  (Appendix  a), 
with  special  treatment  for  boundary  elessents.  Aornd.-naalc*  at  the  point  P  (necessary 
for  flux  calculations)  are  obtained  by  second  order  accurate  interpolation  formulae 
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from  the  coll  centred  variables,  but  to  ensure  stability  pressures  have  t  .w  biased 
upstream,  and  density  and  momenta  downstream. 

The  scheme  tends  to  be  robust  but  unfortunately  allows  no  reverse  flows,  leading  edge 
problems  being  overcome  by  use  of  a  cusp. 

TITAN  2  (1979) 

This  is  a  scheme  similar  to,  but  developed  prior  to  Pcnrcm's  'A*  scheme  ( 1902 ) .  It 
was  devised  in  order  to  attempt  more  accurate  solutions  without  the  need  for  more  mesh 
points,  or  -art  appreciable  increase  in  computer  run  times.  Spurious  total  pressure 
changes  are  more  seccfv  St  solid  boundaries  due  to  the  calculations  being  essentially 
one-sided,  and  beeeyac  generally  the  largest  gradients  of  the  flow  variables  occur 
at  these  bounds rlo-s,  The  t route  sent  in  TITAN  2  provides  a  means  of  controlling  the 
accuracy  at  rfis-  boundary  without  detrimentally  affecting  the  rest  of  the  solution. 

TH  e  is  achieva-t  by  maintaining  the  isentropic  distribution  of  relative  total  pressure 
on  the  walls,  unless  4  -tlweontinuity  la  detected  (Appendix  C) .  The  algorithm  of 
TITAN  2  is  sueh  tncl  limited  amounts  of  reverse  flow  are  possible,  and  the  need  for  a 
leading  ertge  cusp  is  removed.  Unfortunately,  the  algorithm  of  TITAN  2  cannot  be 

ended  three-dimani- : ons  neither  is  it  acceptable  for  large  amounts  of  reverse  flow 
n-",cb  as  those  present  in  boundary  layers. 

The  scheme  is  node  based  using  non-overlapping  elements,  such  as  1234  in  figure  3.2. 

The  change  or  density  at  node  1  (i.i)  is  given  byi 


A/Oij  »  £  (  */>*)-* 


(7) 


and  the  changes  of  or  r*  (denoted  by  *P*  below)  at  node  1,3  is  given  by t 


Afjj  13  SFuijrt'* 
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with  special  treatment  for  bounds ty  eletsent*.  The  different  treatssent  of  density  and 
Rowenta  is  in  order  to  ensure  stability. 

ISHiJ  UM3-01 

As  biade  design  philosophy  changed,  bringing  with  it  Higher  physical  blade  loadings 
and  their  distribution,  so  the  need  for  higher  accuracy  in  analysis  methods  boease 
apparent.  in  addition  the  need  to  be  able  te  eestpute  reverse  flows,  further 
accelerated  the  int  rtwhivt  ten  of  a  new  sclteee,  TITAN  3.  This  provided  the  necessary 
accuracy,  as  well  a»  significant  savings  in  computer  run  tine, 

TITAN  3  is  a  Ns  (IdSi)  type  Ijax-Kendtof  f  scheme,  wed  eying  a  sol t iple-gtld  technique 
for  eonvereiefwte  acc.eler  at ‘.on  to  the  steady  stage,  it  is  node  based  and  employe  » 
se-Chnd  order  accurate  Taylor  expansion  fosrsuilat  ion  to  update  the  can so {varies 
variables,  via. 

SV  “  ♦  0(At»)  <9) 


WMMi P  §$*$<$  At  with  * 

yieHs  (vltli  Ow  fUst  oi'tet  by  AY> 


W-  -AW  -  (,Tsi(S4U)*,Tli(^iV>  $AU)t’  !’0) 


The  terns  Mi  ^  are  tdvtwd  the  .SacbbiAws,  and  are  simply  analytic  fasetiaw 

of  the  rvirrSnt  eerottytiKJtic*.  Consider  the  grid  shewn  in  fSgsit»  S.'s,  the  first  otder 
change  at  C  for  clement  1234  i*  «va5«a?ed  by  finite  volusisit,  *£st«  similarly  at  A.  ft.  D. 
The  first  order  change  at  node  1  is  then  t.iaply  f1**  by  an  average  of  the  changes 
at  A,  1,  C  and  D.  The  second  order  change  for  node  1  if  evaluated  from  the  element 


23-5 


ABCD,  using  the  previously  calculated  first  order  changes  (AU  A,B,C,D). 

This  second  order  change  could  be  evaluated  by  finite  volumes,  but  in  the  present 
formulation  we  choose  to  save  storage  and  use  finite  differences.  It  is  also  advan¬ 
tageous  to  introduce  a  spatial  marching  process,  whereby  variables  are  updated  in 
axial  planes.  Thus  in  figure  3.3,  for  element  1234,  the  calculated  fluxes  use  updated 
variables  at  3,4  and  old  (previous  time  step)  values  at  1  and  2.  Thus  one  complete 
iteration  involves  marching  downstream  and  then  back  upstream,  introducing  a  semi- 
implicit  nature  to  the  scheme.  This  ensures  the  upstream  and  downstream  boundary 
conditions  are  propagated  quickly  through  the  flow  field,  hence  speeding  convergence. 

As  given  by  Ni  (1<)81)  rapid  convergence  can  be  achieved  for  steady  flow  problems,  by 
use  of  the  multiple-grid  method.  The  calculation  mesh  can  be  decomposed  into 
successively  coarser  meshes  by  deletion  of  every  other  grid  line.  Following  the 
update  of  the  variables  on  the  fine  mesh,  further  time  steps  are  taken  on  each  coarser 
mesh.  Even  faster  convergence  can  be  achieved  by  using  grid  refinement,  in 
combination  with  multiple-gridding. 


Adequate  inclusion  of  the  effects  of  boundary  layers  must  be  achieved  for  most 
problems,  and  in  the  present  methca  a  "transpiration"  technique  is  used.  The 
usual  inviscidequations  are  solved,  tut  a  modification  to  the  solid  and  down¬ 
stream  periodic  boundary  conditions  are  made  due  \o  the  presence  of  the  boundary 
layer.  Figure  4  shows  a  boundary  layer  on  a  blade  surface  (calculated  from  the 
inviscid  velocity  distribution,  it  can  te  seen  that  a  transpiration  of 

normai  momentum  (/»W)„  =  £  ( (^ y'  ■  oV*  refers  to  *he  slip  (inviscid) 

surface  momentum,  sat'. sfTe'  01  t.  cont.ol  volume.  This  approach  has 

the  advantage  over  he  »>•  "d  -  .4,  in  that  the  computational  mesh 

does  not  have  to  be  mo'  ,  ...  ’ho  calculation. 


The  coding  no*  been 
both  integral  and  f 
groat  virtue  of  s‘ 
allow  the  inclu*i< 

The  technique  o 
growth  is  oo.'o- 
blade  auction 
pursued. 

(3)  Kut.tft.,Co.gdit 

For  turbio  / 

by  equal  is-  • 

(3)  JJi.  yv 


■  -r  - 


••  ; .  » .mre  can  bo  used, 
.led  vj vt.d,  whilst  ti.e 
•rhe:iimen»  as  film 

in  "dl reel-mode"  i.'.  • ' 
tciu  separation  of  Or.- 
7  lie  alternative  "lnv«.  >:.• 


.  ont  boundary  layer  methods, 
integral  methods  have  the 
difference  methods  can 


u ,'t'l  rapid  boundary  layer 
•i.t*.  .y  layer  on  compressor 
d;",  has  not  so  far  been 


:  >  ■,  v.;  •  v 

a  v  ta  1 1  ■  *  1 


<■  -s9  condition  ie  satisfied, 
■)  age  circle  blend  points. 


«ihii  •.  .  .  ,«t  solution  mixing  calculation  is  carried 

aciv.  Tltis  includes  the  effects  of  base  pressure, 
v  fi'  lints  detwis treat*  whero  it  is  assumed  conditions 


3.  Xii.t-jis.-p-i1  .•'t.jz-jM'.ai 

t-'or  acid  .low  •  1  .  *  tschlnory  problems  it  Is  cooven  ion  t  to  express  equations  1-3  in 
a  cylincr  cal  polt,  set  of  c<>«  pi  nates.  Titus  In  the  absolute  frame  we  havot 


Wiere  the  torn*  designated  *A*  constitute  tho  lUiier  (tnviocid)  equations,  and  'B1  the 
additional  t.-ras  due  to  viscosity  and  iieat  conduction,  with 

>J  <*  f  /• 

iVr 

r* 
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rn„ 

rX„ 

rxX„ 

r(tt„V,+X«V,+X„V.-v) 


rX,t  I 

<r„  »  -p  ♦  -  i^.y) 

■  p  *  l^*4^S  +  £  -  i*Y) 

<JU“-p  4  2(/a**^|V.  _  i  V.  Y) 

rr„=  c„  *  p 

<5*  ♦  p 
iw*  <y»v  *  p 

W  ^♦tXf&*$‘) 

T„«*c..«  *  f*) 

^  t*  -kVT  ~  -LVt.  «  -Y(A  ♦  AJ7e 
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Thi  s  Of  citations  is  closed  by  thy  \u/t fnc\  gat  la*  y  »^#KT,  a  suitable 

Viscosity  fotaula  and  an  «My  viscosity  Model. 
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Equation  11  is  expressed  in  an  absolute  frame  but  generally  we  are  looking  for  a  time 
steady  solution  in  a  relative  frame  (i.e.  for  the  flow  in  rotor  passage),  and  thus  we 
make  use  of  the  following  relationship  for  U. 


it 


ir 
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Combining  11  with  equation  12  yields 

^  *  iS,  * !  h<0 

~  rfr  *"  H  " 

Equation  13  is  solved  explicitly  by  finite  volumes  on  a  suitable  grid,  this  consists 
of  radially  stacked  Q-3D  strearowise  surfaces  (figure  2),  and  is  shown  in  figure  5 
■again  shown  as  a  12  set  for  convenience).  At  the  inlet  surface  the  boundary  conditions 
-re  distributions  of  absolute  total  pressure,  absolute  total  temperature  and  absolute 
swirl  angle  for  subsonic  flow,  or  absolute  swirl  velocity  for  supersonic  flow,  and  in 
addition  the  distribution  of  radial  flow  angle.  Downstream  the  static  pressure  is 
g.ven.  This  may  be  input  in  several  ways,  including  a  complete  specification  of  the 
distribution  v.r  allowing  the  solution  to  satisfy  simple  radial  equilibrium.  Again  at 
solid  boundaries  (blade,  hub  and  casing)  we  enforce  tangency  (Euler)  or  no-slip 
(viscous),  and  in  addition,  a  wall  temperature  or  gradient  (heat  transfer)  distribution, 
if  we  solve  the  unsteady  energy  equation. 


TITAN  4  (1978) 

This  is  a  three-dimensional  version  of  TITAN  1  which  is  based  upon  the  original  Denton 
scheme  (1974).  Only  the  invlscid  equations  of  motion  (designated  ’A1  in  equation  11) 
are  solved.  Although  inviscid,  a  loss  distribution  can  be  specified  which  models  to 
some  extent  the  total  pressure  loss  associated  with  the  presence  of  boundary  layers. 


Multiple- grid  techniques  (similar  to  Denton)  may  be  used  to  enhance  the  convergence 
rate  to  a  steady  solution.  As  with  the  TITAN  I  code,  no  large  reverse  flow  can  be 
calculated  and  a  cusp  is  employed  to  alleviate  leading  edge  problems. 

TITAN  5  (1984) 

In  a  similar  way  that  quasi-3P  algorithms  developed  to  meet  new  design  requirements, 
so  the  need  for  an  improved  3-D  code  became  apparent.  TITAN  5  is  the  three-dimensional 
counterpart  of  TITAN  3,  but  extended  to  be  a  full  Navief-Stokos  solver,  when  required. 
In  similar  fashion,  the  change  in  the  vector  JJ  over  the  time  step  At  is  approximated 
by  taking  the  first  two  terms  of  the  Taylor  series  expansion. 

The  equations  are  d.iscretised  using  finite  volumes  for  the  first  order  changes  (Ah), 
and  finite  differences  for  the  second  order  change*.  To  speed  up  convergence  a  grid 
refinement  technique  is  used,  and  also  a  spatial  marching  process,  as  outlined  for 
TITAN  3.  In  variance  to  the  0-3D,  if  boundary  layer  inclusion  is  required,  then  we 
solve  the  full  Navler-Stoko*  equations  (A  and  0  in  equation  11).  This  necessitates 
the  local  refinement  of  the  grid  near  solid  boundaries,  in  order  to  resolve  the  flow 
gradients.  Although  this  requires  many  more  grid  points,  and  hence  increases  the 
computational  overhead,  it  should  permit  the  calculation  of  blade  loss.  A  8 aid* in 
and  Lomax  (1978)  turbulence  model  is  incorporated,  with  a  specified  start  end  end 
of  transition.  The  unsteady  energy  equation  allows  the  prediction  of  heat  transfer 
at  the  walls,  but  in  certain  instances  ( inviscid,  constant  rothalpy)  it  is  not 
solved,  which  not  only  saves  computer  time,  but  reduces  truncation  errors. 

4.  gffB&SiSSfl  with  Test  Results 

(1)  gii.BesuH9 

The  example  presented  is  of  a  high  exit  angle  HP  14QV  mid  section  profile,  tested 
in  3D  cascade  at  AVA  Gottingen  supersonic  wind  tunnel  (Jsspel,  1977),  the 
cascade  geometry  is  shown  in  fi<jnr»  A.  This  was  tested  over  a  range  of  exit  Marti 
numbers,  for  widen  pressure  distribution,  sshlieren  w-l  downstream  traverse  were 
collected. 


for  comparison  purpose*  only  one  exit  Haeh  number  case  t«  0.99),  at  design 
incidence,  is  presented.  Soth  TITAN  1  and  .1  were  run  without  boundary'  layers, 
and  the  corresponding  Hath  number  distributions  are  shown  in  figure  7,  together 
with  the  iseutropic  test  points.  The  computational  grid  used  for  both  wss  the 
same,  having  SO  pitchwise  and  35  blade  calculation  points.  It  can  be  seen  that 
TITAN  3  predicts  the  distribution  well,  apart  from  the  overshoot  in  Mach  number 
on  the  suction  surface  (which  could  be  expected  without  boundary  layer  Inclusion). 
The  run  time  for  TITAN  J,  using  wu l tipis  gridding,  was  less  than  half  that  tos 
TIT AN  1,  for  the  same  convergence. 

further  use  of  the  tltAN  1  prog:  aw,  this  time  for  a  compressor  exaaple  is 
presented  by  liuheisel  and  Soyb  (1980). 


% 


sfc. 
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3D  Results 


Some  of  the  results  of  the  three-dimensional  calculation  method  (TITAN  5)  are 
compared  with  the  test  of  the  flared  RD  turbine  rotor  cascade  described  in 
Camus  et  al  (1983).  This  cascade  is  planar  with  one  end  wall  flared  to  give  an 
increase  in  the  bulk  flow  area  across  the  blade. 

At  the  time  that  this  calculation  was  performed  the  turbulence  model ,  indicated 
in  Section  3,  had  not  been  included  but  nevertheless  a  viscous  gas  flow,  at  high 
Reynold's  number,  was  calculated.  In  order  to  model  the  planar  cascade,  a  radius 
more  than  a  hundred  times  greater  than  the  blade  span  was  input.  The  grid  used 
is  extremely  coarse  for  a  Navier-Stokes  calculation  (18  x  20  x  64)  but  the  grid 
spacing  has  been  chosen  such  that  the  finest  definition  occurs  near  the  solid 
boundaries.  As  a  result,  large  variations  in  the  grid  sizes  of  adjacent  elements 
occur  with  some  elements  being  of  the  order  of  tem  times  larger  by  volume, 
figures  8  and  9.  Some  shock  definition  has  been  lost  as  a  consequence  of 
coarsening  the  grid  in  this  way. 

Figures  10  and  11  show  a  comparison  between  the  isentropic  Mach  numbers  at  the 
blade  surfaces.  In  each  case  the  isentropic  exit  Mach  number  is  maintained  at 
1.2  and  this  accounts  for  the  calculated  peak  Mach  numbers  being  different  in 
the  inviscid  and  viscous  cases.  The  measured  static  pressures  were  taken  along 
lines  which  were  parallel  to  the  lower  wall,  whereas  the  calculated  values  were 
on  the  mesh  points  shown  in  figure  9.  No  attempt  has  been  made  to  interpolate 
either  result  to  obtain  exact  correspondence  since  only  general  trends  were 
required  it  this  stage.  It  is  expected  that  the  calculated  viscous  results  would 
be  improved  with  a  finer  grid,  and  with  the  inclusion  of  the  Baldwin  and  Lomax 
(1978)  turbulence  model. 

In  order  to  show  the  extremely  complex  flow  patterns  in  the  region  of  the  cascade 
walls,  calculated  'streak'  lines  at  .12  per  cent  of  the  span  away  from  the  plane 
end  wall  are  shown  in  figure  12.  Major  features  such  as  the  'saddle*  point 
upstream  of  the  leading  edge,  the  generation  and  transport  of  the  horseshoe 
vortex  and  the  movement  of  the  fluid  from  pressure  to  suction  surface  are 
apparent . 


The  need  for  better  blade  analysis  methods  has  prompted  the  rapid  development  of  both 
quaai.-3D  and  3D  time  marching  algorithms.  TITAN  3  and  TITAN  5,  although  much  more 
complex  than  the  previous  methods,  still  produce  solutions  to  comparable  problems 
In  less  or  similar  computer  run  times.  Computer  speed  and  storage  have  also 
advanced,  and  with  this  It  has  been  possible  to  analyse  problems  In  more  detail.  The 
use  of  finer  meshes  also  decreases  the  spurious  entropy  changes  (manifested  as  a 
loss  or  gain  in  total  pressure)  present  in  the  final  solution.  In  addition  fine 
eeslies  are  the  only  way  to  resolve  small  scale  features  of  the  flow. 

Figure  13  shows  the  development  of  computational  methods  by  the  authors,  and  possible 
future  work.  Calculation  of  'steady*  flows  is  well  in  hand  using  the  existing  TITAN 
codes,  predominantly  TITAN  3  and  ?.  It  should  however  be  emphasised  that  particular 
solution  alggrtttims  may  not  be  opt) ram  for  every  flow  problem,  and  thus  constant 
reappraisal  becomes  necessary.  For  instance  it  say  well  he  better  to  use  an  implicit 
formulation  in  the  boundary  layer  regions.  Current  effort  is  directed  toward* 
reasonable  loss  calculations,  amt  understanding  loss  tsech.an.isns,  such  as  the  flew 
around  trailing  edges.  Time  marching  however  offer*  the  possibility  to  calculate 
time  accurate  unsteady  or  periodic  flows.  Probably  the  must  obvious  unsteady  problem 
ie  that  of  a  roier-stator  configuration,  either  in  at)  or  30,  and  this  is  currently 
being  addressed.  Future  work  will  certainly  fee  ai»«t  at  trying  to  resolve  smaller 
scale  structures,  and  to  tackle  the  problem*  of  unsteady  flo*. 


V  Poole  for  help  with  the  "JO  prediction*.  The  authors  wish  tv  express  their  thanks  to 
ftal U-Sioyee  for  permission  to  publish  this  paper,  the  opinions  expressed  are  those  of 
the  authors,  end  do  not  necessarily  represent  those  of  Kolla-Koyee, 
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Consider  a  model  equation  given  byt 


a  +  »  o  (At> 


expressing  the  conservation  of  a  variablo  f  in  an  Eulorian  frame  of  reference.  The  finite 
volume  method  makes  use  of  Gauss'  theorem  to  express  the  volume  integral  as  a  surface 
integral  bounding  a  volume  &V. 


V.f(f)  a  J f.ftd* 


where  ji  is  the  outward  unit  normal  to  &V.  Thus  the  time  derivative  way  be  expressed  as 


The  new  £  at  a  time  level  n  •  1  1«  related  to  that  at  the  previous  time  level  n  by i 
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Applying  Cause's  theorem  (or  Green's  theorem  in  the  plane)  to  etpiation  4  yield 

saaUmux 

*-r,t  U«.X(krS«.-^X(uux] 


m-iflomentum 


i  -±  £  [(?+fW-l(^S6\,-^W.vLX(kUX]+  P^^fi  +  |v|>$,tB2) 


( angular »  momentum 
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Where  the  summation  is  for  all  sides  of  the  Q-3D  grid  element,  and  the  fluxes  are 
positive  w.r.t.  the  outward  normal,  the  elemental  volume  Av  a  hr  &»*  &8 ,  and  the  overWt 
indicates  a  mean  quantity  at  the  centre  of  the  element. 
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In  20  inviscid  flow  the  solid  boundaries  are  flow  streamlines,  and  in  the  absence  of 
shocks  the  total  pressure  should  be  conserved  along  the  blade  surfaces.  In  Q-3D  the 
situation  is  the  same  except  that  the  isontropic  relative  total  pressure  is  a  function 
of  radius  only.  Thus  in  the  present  formulation  the  total  relative  pressure  condition 
is  forced  at  boundaries,  unless  ar.  increase  in  static  pressure  ratio  between  nodes 
greater  than  1,3  indicates  the  presence  of  a  shock.  In  such  a  case  the  total  pressure 
downstream  (suffix  2)  can  be  related  io  that  upstream  (suffix  1)  by  the  relationship 


p«  _  /  <*»>£  *  <v->> 

P„. 

'  p1 
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Po2  is  now  used  to  provide  the  new  variation  of  isentfopic  relative  total  pressure 
distribution  on  the  blade,  until  the  next  shock  is  detected. 
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DIRECTION  OF 


MARCHING 


TITAN  3/5 


•  GRID  POINTS 
X  U-VARIA8LE  STORAGE  POINTS 
O  FINITE  VOLUME  CHANGES  CALCULATED 
T2JA  CALCULATION  ELEMENT 


FIGURE  3.  COMPARISON  OF  COMPUTATIONAL  DOMAINS  FOR 
QUASI- 30/30  CALCULATIONS 
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DISCUSSION 


PJUoKtic,  Pr 

• .  Docs  your  grid  refoefitetit  teehfiitfw:  use  a  fixed  grid,  or  an  adaptive  grid  (which  is  refined  by  gradients' 
considerations)? 

2.  Por  turbulence  modelling,  you  are  using  a  Baldwin  and  Lomax  model.  psvvou  dunk  you  would  have  a  better 
modclisalion  for  turbulences  by  some  K,  s  modcK  and  do  you  plan  to  goto  K.“r  models? 

3.  In  the  last  figure  of  your  paper,  showing  a  prospective  view  in  the  future,  you  are  painting  out  Large  fiddy 
Simulation  teebnkjues  in  year  2000.  How: do  you  feel  about  stage  LES-tecfaiflu**? 

Author's  Reply 

'  l ,  The  grid  is  fixed,  with  successively  coarser  grids  being  obtained  by  deletion  of  every  other  grid  line  in  all 

direeth/ris,  starting  conditions  on  *  finer  grid  are  obtained  by  simple  tine-su'  interpolation: 

•  2.  We  use  the  Ihddwit  and  Lomax  model  because  it  is  a  simple  one  and  well  documented  itj  the  open  literature. 
Certainly  there  may  be  advantages  from  using  a  K4'  ?  model  but  no  (dans  exist  at  present  to  implement  such  » 
model  ,’miiour  codes.  • 

3.  We  will  keep  ais  open  wind  and  see  taw  things  develop  with  regard  to  LLS,  but  nothing  tv  ivriata 
J.lliu’rovourUdiv,  Oe 

You  have  tnerittased  theapplkataMiof  acottpkdinviseidTvourHta)  layer  blade  to  btale  prediction  nsetbnd.  How  do 
you  solve  the  problem  of  grsdieat  dbeunttouitse.  at  the  watt  vouch  are  produced  by  laminar ''turbotent  transition  in 
simple  models? 

Author's  Reply 

Generally  we  will  cvjtsrv  out  of  sotuevorf  ulitstaihitvgpfsuchkinis.  by  means  of  carve  fitting;  II  however  we  bebeve 
iucb  a  discontinuity  to  gradient  is  pfivveitly  ctunvi.  tfcep  are  w  unfit  do  nothing  »v  tong  ax  tta  scheme  remained  '.tabic  . 

•‘Ufioff.  SwitMttafc?  , 

The  title  of  ywp*  pafuffstehtuns  'blade  (Stmge  wttads"  ut  general  but  your  «vst  cave*  sta*  tutKne  entitles  only 
Cuefcl  ysui-tittunisni  onespRRstteK  in  csKSiprs^irr  sfcs^t? 

Author’s  Kfpty 

Pnesjuaii  Wttayttsda^iMijti  of  rtits;i«e«s<ir  wswk  tavtaen  •.t-isnatatt  Typical  of  ttesw  the  results 

peesented  by  HataesJ  and  Seyhyti  this  meuttsf,  fi.vt  a  dnnhfe  strsuta  arc  wroptcvicc  ttatoctiubk  mcsxr»  can  ta 
aehisvrd  at  de*t©t  ejsndifejfu,  tat  tsvauw  of  ttaaitWeas .»  Use  direct  modessse^teg  of  the  Ksro4.it)  User  into  the 
veberne .  oS  owutot  ta  lestakd  so  uv4 

te  3D.  tfes  tsetlwd*  pfeteuiixl  haw  tact*  weed  eagcndselyby  etesprs-iMS*  vtatgtsers  ft *  itsany  years.,  to  chock  tank  final 
dtHisev  «td  bettsc  than)  nsatatsfew-  tavv  tasst  tftnriei  out-  *>•»«  eeafeartwh*  ate  inquired.  Mi  th»  »»a 

ta  *Ute$iss»  Ut  the  oca#  ferwe.  ^ 
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DETERMINATION  DE  LA  REGION  DE  CAPTATION  D’UNE  GRILLE  D'AUBES  SUPBRSONIQUE 


par  Georges  KEAUZE 


Office  National  d'Etudea  et  de  Recherches  Adrospatlales 
29,  avenue  de  la  Division  Leclerc 
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RESUME 


Lea  conditions  d'exlstence  et  les  proprldtde  du  phdnotnSne  d'incldence 
unique,  bien  co? cues  dans  le  cas  d'une  grille  d'aube$  supersonlque,  aont  tout 
d'abord  rappeldea  et  enauice  fttenduea  au  caa  tris  gdndral  d'une  grille  aur  une 
surface  de  courant  de  rayon  et  d'dpaieeeur  variable.  Le  caa  particuller  d'une 
grille  radiale  eat  Studid  en  ddtail. 

A  partlr  de  cea  considdrat tons  il  eat  poaaible  d'optlmlaer  la  rdglon  de 
captation  d'une  grille  d'aubes  auperaonlque  en  rdduisant  au  sieux  lea  pertes  par 
chocs. 


ABSTRACT 


Unique  Incidence  phenouenon,  well  known  for  supersonic  straight 
cascades,  is  anallaad  and  extended  in  the  general  case  of  a  caacade  of  a  atreaot- 
eurface  with  variable  radius  and  thickness.  The  special  configuration  of  a  radial 
caacade  is  studied  in  details. 

Froa  this  analysis,  it  la  possible  to  point  out  some  rules  for  the 
optimisation  of  the  entrance  part  of  supersonic  cascades. 


1  -  INTRODUCTION 

Cet  article  prdsente  une  description  gdndrale  der  phdnomJSnas  adrodynamlquea  qui  appsratsasot 
dans  la  rdglon  de  captation  das  grilles  d'aubes  supersoniquas. 

Le  comporteaent  d»  1'dcoulement,  bien  connu  dsns  la  cas  d'une  grtlls  plans,  sal  tout  d'abord 
rappeld  atnel  que  ses  consdqueutos  prlnclpales  i  inddpsndancs  du  doaalns  saont  par  rapport  }  1'aval,  at 
incidence  unique.  Ce  rappel  qui  comports  une  analyse  qualitative  dt  l'lnflusnce  ds  i*  glomdtr.e  da  la 
tone  de  captation  de  l'aubage  eat  nicessalrs  event  la  glndraUtstlon  au  cas  d'une  coupe  supersonlque 
d'une  roue  fixe  ou  mobile  tur  une  nappe  ds  courant  t  rayon  variable.  Le  cat  d'une  grills  radial*  x  ltd 
cholal  pour  tllustrer  cetta  gdnsrallaatlon. 

L'analysa  dee  conditions  d'axlatanca  de  1* Incidence  unique  elnel  qua  l'lnflusnce  de  la  forma  da 
la  rdglon  da  captation  sat  compldtla  par  las  echflmae  das  dtfflreatm  Icoulemente  possibles. 

lea  coneldlratlona  gtnlralae  analyslea  dam  cet  -rttcle  permettent  de  ddduire  dee  dlrectlvee 
pour  la  conception  dr  proflla  d'aubagee  auparaoniquea  prdaantsnt  das  pertaa  yddultaa. 

2  -  HYFOTH88E8  ET  CONSIDERATIONS  OENOALE8 

On  couidlte  un  Icnulement  permanent  ralatlf  t  use  grills  d'eube  (rapdra  mobile  si  La  (Fill* 
tourna,  re part  abuolu  at  la  grille  mat  fixe). 

La  vUtaaa  (ralatlva)  au  rayon  d'motrie  de  la  grilla  eat  supersuolque  mala  as  compossnta 
normals  «*t  subsonlgus. 

11  sat  indispsntrbls  pour  Itayer  las  t-  Uunnementa  qui  sutvent,  ds  as  tdfdrsr  sum  Hgnae  d* 
courant  da  l'deoulaaent  "unifotee*  ou  “natural"  qui  a'dtabllralt  so  abaanca  de  tout  aubags  en  auppoaent 
une  unlformltd  aalauttle. 

Four  l'dcuuleampr  plan,  cea  llgsas  da  courant  aont  dee  droltee  patalUlaa  aatre  miles. 
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I 


Maia  pour  le  cas  g&ndral,  ies  lignes  de  courant  natural les  sont  courbes.  la  vltesae  et  1' angle 
Svoluant  en'  fonctlon  du  rayon,  leur  gfcomfitrie  esc  d6tertain4e  par  la  resolution  ue  »' Equation  de  conti- 
nuit4  et  de  conservation  du  produit  gVe  et  la  prise  en  corapee  d'une  fivol*  cion  cransveraale  connue  de 
l**paisseur  de  la  nappe  de  courant  ainsi  que  la  presence  *ventuelle  de  pertes  au  sein  du  flulde,  stmulSe 
par  exeaiple  par  la  donate  d’une  Evolution  e  la  presaion  d’arrfit. 

3  “  RAPPEL  DKS  PARTICULARITES  DE  L’BCOULEHKNT  DANS  Lf  CAS  P’UNE  GRILLE  PLANE 

3.1  -  IndSpendance  des  domaines  aaout  et  aval.  Effct  du  pas  relatif 

Bien  que  la  composante  axlale  de  la  vitesse  soit  subsonlque,  les  perturbations  qui  provlennent 
de  1‘aval  et  renontent  I’Scoulement  sont  arrfitAea  par  la  grille  si  lee  aubes  sont  suf flsaoment 
rapprochftes  et  si  1 ’ Scoulement  reste  amorc*. 

Consid*rons,  en  effet,  uae  grille  plane  "transparence" »  c’est-4-dire  constitute  de  profils 
plats  inflntment  minces  orient$s  suivant  la  direction  do  I’dcoule&ent  incident  /*,  la  coopoaante  axlale 
Stant  subsonlque. 


Cette  dernifcre  conditio-*  ia;llque  que  les  lignes  de  Mach  (ou  caraccdrlstiques)  oontantes,  dont 
1’ angle  avec  le  vecteur  vifesae  V  est  x»5  ^  {*/*•)»  sont  incltnfies  de  plus  de  90°  par  rapport  A  l’axe 
et  ainsi  que  toute  perturbation  fatbls  issue  d’un  point  P  du  chaap  "reaonte"  I'icoulement  dans  un  secteur 
angulatre  (C)  limit*  par  les  deai-droiteo  (+  909),  (  f*.  **  )  comae  cela  est  indiqub  sur  j*  figure  l. 

Les  perturbations  provrunam  de  l'aval  et  qu.  remontent  1'fecoulecoent  Jusqu’A  la  grille  en  suivant  les 
caract*rlstlqucs  inclines  de  l 'angle  v*  ♦  ’U  par  r.  pport  A  la  normal©  au  front  do  grille,  se 
rdf Itch is sent  Jorsqu’elles  r-nronrrent  une  parol  de  i’aii^tc. 


rig.  i*  firm  t>u  pax  **ut tr  sun  u  ocmoAxc*  »  vumx  m  a  i/aval 

Ules  ne  peuvent  alors  traverser  U  grills  qo*  dan*  un  couloir  Vlm  dont  {’existence  eat  tide 

au  (via  de  U  grille-*  U  appar*tt  alael  que  rdcooienent  umont  oat  totslement  Independent  du  dots* in*  aval 

•l  U  pea  reUtif  do  U  grille  esc  sufflsMaent  falbU. 

Dan#  v*e  e*s,  le  *d*4  raleohwmeni  eon? re  que  seole  une  parti*  4*  I’en trade*  de  1  ‘allot to 

teaprkse  eat  re  u  bord  d'stuque  A*  el  U  point  4«  depart  I1  de  to  caMCtlrlstlque  iwntante  peasant  par 

U  bord  d'sitaquc  K*  de  l*aobe  suedrleere  a  une  Influence  passible  tut  W  domain*  smont  (fig.  2). 

tl  set  <Utr  toe  louts  modification  de  U  g^asdtrle  do  I’aube  en  aval  4*  d"  n*«i  eucun  effet  sur 
I'dcouUmant  emont.  Meet  r#<. element  Incident  set  totalemeat  t*44r*fi4ft9t  de  U  forme  de  t’iotradw  an 
wgj-AM  .1  *,« M  em  $wuTli  so  sure  ’STTITf  a  i^ouTeme  nt'^ou 

formation  de  cnee  Alt  ecu  sv  ..  <lret  toque. 


c 


fig.  2.  utrums  mmu*  t*  vunxm  m  i'K*#r 


25-3 


3«2  -  Ecouleaent  par  ondeo  alaplea.  Incidence  unique 

Le  pLAnooAue  anaiysA  ci-deaau#  iaisae  entrevoir  que  loreque  1'Acouleaent  A  l'entrfte  de  la 
grille  est  auperaoniquo  et  aaorcA  11  n’exiate  qu’un  aeul  rSgiae  possible  A  l'aoont  compatible  avec  le 
profll  de  i'extradoa  de  l’aube  A’B'  pour  uu  nonbre  de  Mach  Ml  donnA,  ou  bien  pour  uue  vitecae  de  rotation 
doooAe  daua  le  caa  d'une  roue. 

Dana  le  caa  d'un  extradoa  A*B'  plan  avec  un  diAdce  poir.tu  au  bore*  d'attaque,  il  eat  bleu  connu 
que  l’Acoulement  incident  e3t  unifonae  et  qu'ii  eat  parallel©  A  l'excradoa. 

Reoarquona  que  I'Acoulement  aaont  eat  rAgi  par  lee  lots  d’ondea  simple  at  l*on  nAglige  en 
praaiAv'e  approximation  1' intensity  d'Aventuelles  ondea  de  choc$  puiaquo  lea  caractAristlques  deacendantea 
proviennent  d'un  Acouleownt  uniform*  H(  ,  A  l’infini  aaont.  Cela  elgnifle  que  lea  caractArlstlques 

•ontances  aonc  dea  llgnea  de  Mach  et  sont  done  recti 1 igrea. 

C©  rAgiiM  par  ondea  simple*  deueure  juaqu'A  la  caractAriatique  C“  isauc  du  bord  d’attaque  A" 
(fig.  2)  et  en  particulier  i'Acouleoeot  aur  l’extradoa  ne  dApend  que  de  la  pente  locale  de  Ar  AC* 

Cette  marque  pemet  d’Atablir  aiatment  le  achAoa  de  l’Acoulement  dana  le  cat  oQ  le  depart  de 
l’excradoa  eat  de  forme  convex*  ou  concave  avec  un  bord  d'attaque  polntu. 

CotaidAron*  le  c r*t  i*u«  eatradoa  convexo  (fig.  3)  et  prenona  1‘ example  d’un©  grille  aemi- 
lminie  aiioentAe  par  un  Acouleoent  (  H<  )  A  I'infial  aaont. 

Selc.i  le*  valeurs  reapectivea  de  ftj  et  ,  un  choc  ou  un  fataceau  de  dAtente  prend  uaiaaance 
en  K\  :  en  aval  de  A  \  a©  dAveloop©  un©  dAtente  par  onde  alaple.  Le  long  de  la  ligne  de  Mach 
BjA2>  I'lcouleoenc  a  la  direction  ra  »  Son  nombre  de  Mach  eat  plua  Alev*  q u\  Juau  en  aval  de  Ai« 
En  Ay,  il  y  a  oftceauairomeut  apparition  d'une  onde  de  choc  A  I'extrado*  puisque  pn->  Pa  >  de  odme 
©q  A3  ot  pour  lot  aubes  eulvantc*.  L' Acouleoent  aaont  eat  alnal  travereA  par  une  aulte  d' ondea  de  choc 
et  de  tones  de  dfitent©  qul  aoortiaaeat  d’ailleur*  lea  chocs  au  fur  et  A  secure  ou©  1'on  retaonte  vers 
I'tnfini  aaont. 


OatMi  le  c4*  d'un  extnidoa  concave  (fig.  A)  on  retrouve  U  Mm  puncture  d'Aeouleoent  aaont 
**uf  que  lee  faleceaux  Ac  dAtente*  eont  laaus  dea  bord*  d'attaque  alorc  que  lee  uudet  de  choc  provieouent 
d'uoe  focelUetlou  d'oudee  de  coapreaeloo  Uauee  de  Al. 


Oft)*  tfc  focaiiaefion 
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En  r.oute  rigueur,  I'intensiti  des  ondes  de  choc#  net  peut  pss  ttre  nggligfie  au  vole Inage  de  la 
grille  meis  elle  dolt  £tre  fcvanescente  quand  on  s'filoigne  ver*  1' amont,  pour  qu'un  Scouleaent  aolt 
possible.  En  effet,  al  l'on  considfcre  un  tube  de  courant  peasant  dana  un  canal  lnteraube  donnfi  11 
traverse  une  suite  de  chocs  et  les  per  tea  qui  se  cuauleut  doivent  reater  Unities* 

II  n'y  a  pas  de  d£»onstration  simple  possible  du  prlnclpe  de  1* incidence  unique  £  cause  de  la 
prftaente  de  cea  chocs,  aais  on  conqoit  facilement  qu'apriSs  un  nonbre  linit€  de  canaux  s'Stablisse  une 
ngriodicit*  de  l'dcouleaent  et  qu’en  remontant  vers  V inf ini  aaont  on  retrouve  un  Scouleaent  quasi- 
uniforae  Hont  la  direction  ^  eat  intermedia! re  entre  ^  et  • 

Le  point  B  variant  selon  le  niveau  du  nombre  de  Mach,  cet  angle  noyen  ^4  depend  en  r£alit£  du 
Mach  aoyen  Mi. 

Les  mfcthodes  de  calcul  exactea  confiment  parfalteaent  cette  analyse  et  sont  indispensables 
pour  determiner  la  relation  -  ^(^i)  .  Une  premidre  approximation  qui  est  empiriquernent  Men  v£rifi4e 
consists  i  adaettre  que  1*  angle  de  l*£coulement  £  1'  inf  ini  aaont  est  £gal  £  la  demi-soooe  des 
angles  fa  et  fa  •  ' 

Une  eeconde  approximation  consiste  £  d< terminer  1* incidence  unique  de  l’lcoulement  amont  en 
ficrivant  d'une  part  la  conservation  du  d£bit,  et  d’autre  part,  la  propri€t£  d'£coulement'  par  onde  simple, 
entre  I'i  .fini  amont  (Mi)  et  la  ligne  de  Mach  montante  B1A2  (fig*  3). 

/><U  c*p<  * />v 

<a>  (  h')  »  ( Mi)  +  ~ 


II  r  /lent  ici  d*6t*biir  une  reoarque  importance  sur  la  conception  des  profile  d'aubes  super- 

sonlques. 

II  est  blen  tonne  que  si  i'on  souhaite  une  compression  par  choc  droit,  celul-cl  ne  peut  6tr© 
stable  que  dans  une  partie  divuvgente  et  il  est  a  priori  intlrostant  de  s'inuplrer  des  technlquea  d'optl- 
misation  des  prices  ‘*alr  supersoniquea .  On  peut  alors  distinguer  daut  types  de  profile  selon  qu'il  y  a 
<u  non  "c^mpte^-ion  Interne’',  autrement  iit  ielun  que  le  col  (or  section  minimal® )  ae  sltue  £  l'entrfie  ou 
£  I'inttrieur  du  canal  lnteraube.  Malhr  jusement  le  prlnclpe  de  la  compression  extern®  qui  a  pour  but  de 
raientlr  l'icouleaent  supersonlque  entre  I'aaont  et  le  col  situ4  £  l'entrie  du  canal  lnteraube,  just* 
avant  la  formation  d'un  cl  >c  arolt  done  I'intcnuUl  est  rfduite,  ne  prfisente  pas  d'lnttrtc  dans  le  cas 
dee  grUJ.es  d'^ubei  supersonlques.  Bn  eff-.-t,  par  definition  la  compression  externa  correspond  £  u»  tube 
de  cocrent  divergent  £  partir  de  Is  section  d’entrie  du  canal  lnteraube  (fig.  3). 

AjCi  represent®  la  section  d*r  ttrfte  Hu  canal  lnteraube. 
est  V  angle  du  dJtdve  de  bord  d'attanus. 


bUvolufon  d«  £  Ci  pe»tf  torrsapoudre  I  uns  »'Aap«  4*  compression  Isentroplqus  foctilsant 
sc  ran  «n  I  oil  bleu  «U«  paut  eoaperttr  uu  dlcdr.  r  Sant  uoe  oodt  da  choc  oblique  paaaaot  par  Aj 
ou  uu  peo  .1  av«l> 

Dana  U  cat  d’utt  I coo latent  pmlq'itaant  bldtaanalonnal,  putaqua  U  aaetloo  dole  erottrt  par 
dlflrtlclsw  e<.  aval  da  AjCi .  l'auglt  oa  la  parol  da  1' ax  trade#  a*,  av-1  da  C|  dolt  ttbcaeatl- 
(imoi  |c?a  lottrUur  I  f,  _  £<;m 

Htwrquoca  qua  al  I'deoultaant  aat  eonvargent  tranavr  aalanant,  I'angla  IK.  tat  a  fortiori 
plua  pattt.  Far  contra  al  I'dcoulanant  tat  dluatjaat,  catta  condition  ne  tart  plua  raejiactl#  -wit  par 
contra  le  talent laaanaot  da  I'dcoulanant  aeconptl  en  acont  da  AqC|  aara  alora  (ortaaent  attbnod  volra 
alaa  tupprlal. 

U  aat  clalr  qua,  an  Raont  da  AjCt,  noua  raatona  an  priaanra  d'un  dcoultatnt  par  ondaa 

tlapSat  Mua  a'll  axUta  use  ondt  da  enue  due,  anti  b  U  foetllMtion,  Bolt  t  lx  prftaanca  d'un  dltdro 

antra  b  «l  Cl*  *"  aflat  1'lntanaltl  d»  catta  oada  da  choc  tt. ■  nlcaaaalraaant  falbla  putaqua  U 

41. latlon  i  corraapoodanta  dolt  «u#  calla  quo  la  rdf  Union  du  choc  an  aolt  poaatbla  t  catta 

condition  a'dcrlt  I  y  tt  <  ddvlaelon  Ualu  enrraapoedant  k  K,. 
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Dans  ces  condition*  11  a«t  Evident  que,  quelle  que  tolt  Involution  du  profll  entre  Bq  et 

Cq,  le  nosbre  de  Mach  1  la  parol  en  aval  de  Cq  aera  nSceaaalresent  plua  tlevt  que  Nq  pulaque 

l'angle  de  "Buaeaan"  aura  globaleaent  augment*.  Cela  condanne  toute  poaaibllitl  de  compression  externe 
unique  ;  11  eat  alore  ntceaaaire  d'utllleer  le  prlnclpe  de  la  coapreaaion  interne  al  l'on  soubalte  former 

une  onde  de  choc  droite  avec  un  nombre  de  Mach  infirleur  A  celul  en  aaont  de  la  grille. 


3-3  -  Influence  du  bord  d'attaque 


ConsidSrons  tout  d'abord  un  extradoe  plat  avec  un  bord  d'attaque  polntu  (fig  6a)  ;  la  prfaence 
obligatoire  d'un  dlidrc  donne  naisaance  A  une  onde  de  choc  oblique  falble,  attachde,  *5  l'angle  du  dlidre 
eat  lnfdrleur  3  la  ddvlatlon  Halts  correapondant  au  nosbre  de  Mach  local  juate  en  aaont  du  bord 
d'attaque-  Dans  le  css  d'un  angle  auptrleur  (fig-  6b),  11  y  a  formation  d'un  choc  courbe,  ditacht,  avec 
apparition  d'une  zone  aubaonlque  dont  l'dtendue  n'eat  pas  ntgllgeable  1  l'lntrados.  Le  dttacheuent  du 
choc  crie  aueel  une  zone  aubaonlque  beaucoup  plua  lialtd e  I  l’extradoa.  La  branche  aupdrleure  de  l'onde 
de  choc,  qui  reaonte  l'dcouleaent,  a'attdnue  eases  rapldeaent  pour  redevenlr  une  ligne  de  Mach,  mala 
lnteragit  avec  le  dosalne  aaont  et  *  pour  effet  d'sugaenter  Idgiresent  l'angle  d’lncldence  unique, 
c'eat-l-dire  de  dlminuer  la  dibit- 


Fig.  6-  BFFBT  DU  DXSDRE  DZ  BOBO  D'ATTAQUE 


Dans  la  rial ltd,  un  dltdre  parfalt  n'eat  jseala  rial lad,  mala  11  exists  toujour*  un  arrondl  de 
bord  d'attaque  (fig.  7)  qul  donne  lieu  A  un  choc  ddtachi  avec  une  tone  aubaonlque  trie  rddult*  qul  reate 
A  l'dchell*  du  rayon  de  bord  d'attaque,  aeuf  pour  das  nosbre*  de  Hach  trAi  proche  da  1.  Ce  phdnoalna  qul 
n'a  pratlqueeont  aucun  effet  dans  le  tea  oB  l'angle  du  dltdra  eat  aupdrleur  A  le  ddvlatlon  Unite, 
•odlfle  Is  configuration  dsn*  le  can  cootraire.  Lea  principal**  consdqueuce*  aont  las  aulvante*  i 


a)  par  rapport  A  la  solution  choc  oblique  attach!,  11  y  a  crlatlon  de  partes  luppltmaotalraa  due*  A  la 
prSaante  de  la  partis  da  l'onde  de  choc  dltecMe  de  forte  latenaltt.  Hhae  pour  de*  trie  petite  reyooe, 
cee  pertee  ne  aoat  paa  odgllgeabla*  |  alias  toot  chlffrte*  dan*  la*  rSftraeca*  (1)  •*  1*1  1 


b)  U  brancha  a* tarn  a  k  1*  grill*  lnteragit  avec  le  domain*  oaont  et  augments  l'angle  d* Incidence  unique. 
Une  Studs  peremttrique  de  cet  effet  t  It!  etfectule  den*  It  cae  de  profile  te  forme  de  plaque  plena, 
per  JTAJOUK  [3],  Let  tbequai  prfaentlee  donnent  une  trie  bonne  approximation  de  l'eftat  d*  bord 
d'attequa  trtoodl  et  reete  veleble  pour  dee  dttdra*  felble*  t 


o)  It  dletaoee  de  dStechament  du  choc  qul  reete  I  1'lcheUe  du  reyoa  set  ndgllgaeble  quend  calut-el  set 
rtdult,  per  contra,  Is  courbure  de  le  breach*  Interne  g  1*  grille  provoque  un  dcert  nod  algligeeblt 
entre  le  point  d' Impact  C  da  l'onde  diUcble  et  celul  de  l'onde  ettecbde,  tur  I'extredo*  du  eentl 
coneUtrl  (tl«.  t)- 
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Fig.  8.  BFFET  D’ONDE  DE  CHOC  DETACHES 


D'une  faqon  ggnirale,  la  prisence  des  ondes  de  chocs  dues  A  l'ipaisseur  de  l’sroadt  do  bord 
d'atcaque  d'une  part,  et  2  la  convex! C$  ou  concavlti  de  la  partle  lnltlale  de  l'extrados  d'autre  part, 
eot  nifaste  et  ne  prlseote  a  priori  aucun  Intirtt.  II  est  prifirable  d’utlltser  dee  profile  ayant  la 
partle  AB  de  l'extrados  plate,  ou  plus  prictsiment  ipousant  la  Ugne  de  courant  naturelle  dans  le  cas 
giniral,  avec  des  horde  d'attaques  le  plus  flu  possible. 

Le  princlpe  d'incldenco  unique  aontre  que  c'est  la  prealire  partte  de  l'extradoa  d'une  roue  qut 
lapoae  le  dibit  asxinua  traversant  la  roue,  pour  une  vltesae  de  rotation  donnie. 

4  -  GENERALISATION  AO  CAS  DBS  GRILLES  RAD I ALBS 


4.1  -  Conditions  d' Independence  des  doaalnes  aaont  et  aval 

Nous  avons  cholal  d'lllustrer  cette  ginirallsatlon  dans  le  css  d'iuouleaents  centrifuges  qul 
peuvent  itre  souveut  supersonlque  4  l'entrte  des  grilles,  alors  que  cela  est  beaucoup  plus  rare  pour  lea 
icouleaents  centrlpites- 

Consldirons  uno  grille  radlale  coastttuie  d'aubes  lnftnlaent  alnces  et  ipousant  les  ltgnee  de 
courant  de  l'tcouleaent  'natural'*  de  faqon  A  n'apporter  aucune  perturbation  (fig.  9). 


Le  princlpe  d'exlstence  de  I'tnctdence  unique  rcste  ldentlque  alnsl  que  le  coaportsaent  giniral 
du  phtnoaine  bleu  qu' 11  soil  coapliqui  par  involution  radlale  de  l'icouleaent. 

Une  condition  suppliaentalre  peut  apparatus  par  suits  de  1'lvolutlon  radlale  du  ooabre  de  Nich 
qul  peut  dlatnuer  at  davenlr  aubaonlqua  coaaa  celt  est  la  cat  pour  une  grille  fixe. 

La  condition  pour  qu'U  y  alt  ttrlcteaent  Independence  da  l’taont  par  rapport  A  l'eval  eat  que 
la  caractirletlque  C*  laaue  du  bord  d'aetaque  Aj  rencontre  l'extradoa  de  1'au.be  tnflrleure  on  Bj 
avant  d'stteludre  le  cercle  oO  la  ooabre  da  Kach  deviant  aonlque  coaaa  dans  la  cat  d'une  grille  fixe 
<U«.  10). 


a)  Pea  (I'lnfluenca  aval  tur  amom 

rig.  to.  trm  do  t as  sm  u  oowuxet  de 


b)  Influence  aval  tur  aroom 

FAX  Uf  Fuat  A  I'AVAL  DAMS  IMS  CULLS  tADI.ALE  FI  IK 


L'lcoulaaant  aat  alora  bloqui. 

t'icoulaaaat  aaont  at  an  partlc  illtr  ton  Incidence  ne  dlpend  que  de  le  gdoattrle  da  la  partle 
de  1‘axtreiae  AiSi  et  d'uaa  condition  aaont  telle  qua  le  ooabre  de  Kach,  ou  la  vlteeee  (angtntlellt. 
Le  riglaa  d' Incidence  unique  tube late  tent  que  le  rig  Us  raate  aaored  (choc  an  aval  da  Aj)> 


25-7 


Si  la  caractAristique  C?  Issue  de  A2  rejoiot  le  cercle  sonique  avant  de  rencontrer 
l’extrados  (l)  t  il  exiote  des  caractAristique*  C*  issues  de  la  ligne  sonique  qui  influencent  le 
domain®  aaont.  Or  toute  modification  aval  change  la  forme  de  cette  ligne  sonique  et  par  consequent  le 
domaine  aaont. 

Par  example,  si  I'on  baisse  la  presslon  aval,  la  ligne  sonique  aura  tendance  A  reculer  et  le 
dAbit  augmentera  jusqu'A  ce  que  le  point  de  rencontre  P  de  la  caractAristique  avec  la  ligne 
sonique  attelgne  l'extrados  (I)  .  Le  regime  dT incidence  unique  sera  alors  Atabll.  On  peut  illustrer  cette 
variation  de  dAbit  A  l'aide  du  cas  partlculler  suivant  :  coame  le  oontrent  les  calculs,  la  gAoaAtrie  des 
llgnes  de  courant  nature lies  reste  pratiquement  itichangAe  pour  des  variations  oodArAes  du  niveau  des 
uombres  de  Mach.  Ainsi,  dans  la  assure  oft  la  condition  aaont  correspond  A  une  invariance  de  1'angle,  la 
ligne  sonique  reste  pratlqueaent  clrculalre  et  son  dAplacement  en  fonction  de  la  variation  de  la  presslon 
aval  P2  est  aiaAment  dAterminA  par  le  calcul  dea  lignes  nature  lies. 

Mala  si  la  condition  aaont  ne  correspond  pas  A  une  invariance  de  1'anglc,  la  deformation  de  la 
ligne  sonique  en  fonction  de  P2  devlent  tria  complexe.  Bn  partlculler  l'Acoulesent  A  l'amont  de  la 
grille  n’eat  plus  "uniforme"  azimutaleoent. 

On  reoarque  que  dans  ce  qui  prAcAde  la  ligne  sonique  nc  correspond  en  aucun  cas  A  up  blocage  de 
l'Acouleaent.  L'apparition  du  blocage  n’est  life  qu' A  1’ existence  du  point  .  Par  con t re,  dans  le  cas 
d'une  aube  rAelle,  11  pourra  apparaitre  un  blocage  prAmaturA  dQ  A  un  col  interne  mals  dans  ce  cas  11  y 
aura  nAcessairament  une  zone  subaonique  avant  ce  col.  En  toute  rlgueur,  11  n'y  aura  blocage  que  si  la 
configuration  des  caractAristique*  A  l'aval  du  col  et  rejoignaot  la  ligne  sooique  est  IndApendante  des 
conditions  A  l'aval. 

4.2  -  Bffet  de  courbure  (par  rapport  A  l'Acouleaent  naturcl)  de  I'extradoa 

Dans  le  cas  d'un  Acoulenent  radial,  la  concavitA  et  la  convexitA  n'ont  plus  de  sens  oats  les 
phAnoaAnes  restent  les  afimes  que  pour  1'Acoulement  plan,  selon  que  I'extrados  est  plus  ou  no Ids  courbe 
que  la  Hgne  de  courant  naturelle. 

SI  l'on  considers  le  cas  oO  I'extrados  est  molns  courbe  (fig*  11)  que  la  ligne  de  courant 
nsturelle,  11  y  a  formation  d'un  choc  oblique  au  bord  d'attaque,  suivt  d'un  gradient  sur  I'extrados  ayant 
tendance  A  donner  une  accAlArstion  ou  blen  une  moindre  compression  par  rapport  A  revolution  naturelle. 
le  nombre  de  Mach  est  plus  AlevA  juste  en  aaont  du  B.A.  que  dans  le  cas  d'un  Acouleaent  natural  ayant 
«£me  incidence  unique  et  afliw  nombre  de  Mach  au  rayon  d'entrAe. 

^  Ligne  naturelle 

Fig.  11.  BFFKT  DB  COURDURK  RBWJITE  DE  I'EXTRADOS 
DABS  URS  DRILL*  RADIALE 


L' angle  de  1*  Incidence  unique  tit  Inflrleur  A  I'engle  du  B.A-  1  l'extrado*. 

Lee  ondet  de  choc  oblique,  qui  renontent  l'lcoulenont  wont  peuvent  e'lntenatfler  (see  dee 
grille*  fixe*)  et  provoquer  de*  pert**  Inutile*. 

SI  I'axtredo*  eat  plu*  courb*  qu*  U  ligne  de  courant  luturelle  (Mg.  12),  11  a  foreatlpn  d'une 
dftente  «u  bord  d’ntUque,  tulvl  d'une  coeprc*«ton'(ou  d'une  eotndre  ddtente)  pouvnnt  erger  une  focxll- 
•ntlon  de*  csrnutlrletlque*  eoutante*  et  donner  lieu  A  un  choc  oblique  I  I'eeont.  Le  nlvteu  du  noebre  de 
H«ch  eet  dlntnut  juate  en  wont  du  bord  d'etttque  eel*  I'.ngle  d' Incidence  unique  e*t  «up4rleur  1  I'engle 
du  i.A.  A  l‘**tr*do*. 


A.J  -  Influence  du  bord  d'atUque 

Cette  Influence  eet  tout  I  fnlt  elnlUtr*  A  cell*  tvoqul*  prlcglenwat  pour  1*  ce*  plan.  Roue 
ptlclaon*  wuleemnt  que  U  prlitnc*  d'un  dlldr*  polntu  ou  laouiil  r«  change  rten  *u  phfnontn*  de  blocage, 
toujour*  ilia  A  I'axlatance  du  point  !(  aauf  a'U  ,  a  un  col  tntarne.  I'll  axleta  ua  choc  dltachg  da 
bord  d'attaqu*  *vcc  un*  patlta  ton*  *ub«onlqua,  U  cnraotlrlatlqu*  C*  1  conatdirar  tat  cell*  prove unst 
du  point  M  •  1  A  l'Utrndo#  (point  0)  (tig.  1)). 


ft 


* 


Fig.  13.  EPFBT  DB  BORD  D’ ATTAQUE  POUR  UNE  GRILLE  RADIALE 


j  4.4  -  Schtass  d'fecoulfent  goMlblff 

1  Lea  different*  types  d’Acoulenenta  qui  peuvent  exit ter  de  feqon  stable  tout  bleu  conuu  dans  le 

\  eta  des  grilles  planet  et  aout  facileaent  trsusposables  au  cat  deo  grilleo  radlales,  axis  il  peut  Itre 

J  intAreasant  de  lea  prftclaer  ici. 

/ 

;  Let  figures  dAeritea  ci-aprAs  rAsusent  les  diverses  configurations  que  l’on  peut  rencontret 

dans  uoe  grille  radlale  avec  bord  d’attaque  arrondi. 


i 

i 


f 


4.4.1  -  Rigloe  cn  incidence  unique.  Choc  fort  dene  le  canal  (fig.  14) 

Le  dibit  eat  flgi,  la  variation  de  la  pretaion  aval,  “pllote"  le  choc  fort  dana  le  canal. 

Quand  1' impact  du  choc  C  aur  1' intradoe  attelnt  le  point  D  il  y  a  dieaaorqage  et  le  dibit  va 
dlmlnuer  al  l>2  augoente. 

On  notera  qu’ll  peut  exlater  une  tone  aubaonlque  aur  l’extradoa  avec  un  liger  choc  iventuel 

<a«-  15). 


Dana  ce  car,  quand  ?2  augment e,  le  point  G  peut  attelndre  la  llgne  aonlque  en  H  avant  quo  C 
n’atteigne  D.  11  n'y  a  alora  plua  de  riglae  d'incidence  unique,  le  dibit  dloinue  al  P2  augaente. 


4.4.1  -  it.glM  traneaonlque 


Il  n'y  a  paa  da  chon  traveraant  tout  le  canal. 

La  dibit  eat  f  1  git  ou  non  aalon  1'atiatanca  du  point  I).  (Dana  la  caa  da  la  figure  It  la 
caractiriatTque  C*attalot  le  ltgna  eunlqut  avant  1' ant  redo  a,  at  la  dibit  n’aat  paa  figt).  Mala  la 
diaaaorqage  na  aar*  paa  i  propreeant  parlar  attaint  qua  quand  la  point  C  tajoindra  la  point  0.  11  n'y  a 
plua  da  point  aonlque  I  riotradoa. 


ria. 
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Les  configuration*  ddaanorcda*  aont  llluatrle*  par  la*  tchimat  da*  flguraa  17  et  18. 

(La  'choc*  paut  coaporter  una  petit*  aona  aonlque  pouvant  aller  Juaqu'l  1’extradoe)  (fig.  18). 


4.4.3  -  Elgin#  bloqut  par  col  Interna 
Deux  caa  peuvent  se  prlaenter  t 

-  aolt  le  col  Intern*  eat  plua  grand  qua  la  aection  critique  corraapondant  1  l'un*  dea  configuration* 
ci-deaau*  8  la  Unit*  du  dlaaaorqag*  ;  dan*  c*  caa,  una  configuration  aaorcle  (coapatlble  avec  1*  col) 
a'teabllra  et  reatera  flglc  cant  qua  le  col  aval  reatera  anorcl  ; 

-  aolt  1*  col  aval  eat  luflrleur  1  la  aactlon  critique  correapondant  1  la  configuration  1  la  Unite  de 
I'eaorqage,  11  enplche  alora  le  dibit  naxtnun  de  a'ltablir  et  force  une  configuration  dlaanorcle.  Cal* 
peut  Itre  1*  can  *1  l'ipaleaaur  de  8.4.  eat  relatlvnaant  trop  laportante  ou  al  la  dlldra  tat  trop 
grand. 


Deux  configuration*  de  rlgln*  dlaaaorcl  at  bloqul  peuvent  Itre  lnaglnlea  eelon  qua  le  choc 
dltachl  rejolnt  ou  non  la  Ugne  aonlque  tntr*  1'lntradoa  et  Uextradoe  (fig.  19  et  20).  On  notera  en 
outre  qu'una  petit*  too*  aubeonlque  (aprle  uo  Uger  choc  tranaaontqua)  peut  Iventuellanant  exletar  aur 
l'axtradoa. 


5  “  S12KSiSBL38B!^ISJK!!E  i'optihuatiop  p»  cuius  d'mjui  suisoxiotas  a  ioet  tact  ot  cowngsiiw 

L'obtantlon  d'un  taut  de  ccepreatloa  llevl  dana  uo  conpteaaaur  alceaaUe  da*  relent laeenant a 
t»U  laportante  da  1'lcouleaant  relattf  dana  Ua  canaux  Interaubea. 


tn  partlcuitar  pout  la*  coup**  od  1'lcoulaaant  ralatlf  8  I'antrla  du  canal  interauba  apt  «up*r- 
aoatqoe,  lea  vltaaaa*  k  U  aortlt  aont  aubaoatquaa  i  la  paaaaga  da  l'leoutaaant  euparaonlqu*  I  I'lcou- 
laMAt  aubeontqu*  a a  fait  par  l'lntamldlalta  d'un  ayatlaa  plua  ou  aclna  coapltqud  d'onde*  da  choc  at 
carat nant  obllgatolraaant,  an  abeanca  da  phlnoatnaa  elaquaux,  par  da*  oodta  da  choc  drolta*  au  eolalnaga 
daa  parol*  du  canal  inttraub*.  Or,  11  tat  blan  cornu  qua  plua  la  noabr*  da  Haeh,  Junta  tn  aaont  d'un  choc 
droit  ear  lined,  plua  la  ralantlitaaaut  local  aat  iaporttnt.  A  parMr  d'uoa  ctrcalna  ealaur  coaprtaa 
antra  1,33  at  1,4,  Ml*  aouvant  velalna  da  H  •  1,37,  pour  una  couch#  Unit*  turkelanta,  calla-cl  ua  paut 
plua  auppertar  la  raWntlaanaant.  U  ta  prodult  alora  u«  dlcolUaaoc  iapomnt,  ataocld  4  ua  nouveau 
ayatlaa  d'ondaa  da  choc,  at  qul  a  at  rata*  da*  paru  Important**. 
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SI  on  considfcre  tiers,  It  faaille  det  prof  11s  frAquement  utilises  ofc  It  section  du  tube  de 
^  courant  traverstnt  la  grille  eat  constaeeent  dlvergente,  lc  noebre  de  Mach  M*  de  l'lcoulenent  non 

vitqueux  en  aaont  du  choc  droit  est  n4cessaire»ent  plus  llevt  que  m»  Ainsi  toutes  les  coupes 
cotportant  de  telt  profile,  avec  un  Acouleaent  relatif  A  l'entr€e  du  canal  supSrieur  A  1,37  condulsent 
nlceseaireaent  A  des  pertes  tlevfies  (la  vtleur  de  1,37  doit  en  fait  dtre  dloinuAe  pour  tenlr  toapte  de  la 
|  divergence  du  tube  de  courant  entre  M^  et  M’). 

|  Si  l*on  veut  rAdulre  ces  pertes,  11  est  ntcessalre  de  ralentlr  I'tcouleaent  en  supersonlque 

\  tvant  le  choc  droit,  tout  au  aolns  auprds  des  parols.  Cooae  nous  I'avons  rappelA  plus  haut  celt  ne  peut 

l  Stre  envisagfi  que  grtce  A  une  coapreaslon  interne  de  l'tcouleoent. 

f  Mais  11  est  avant  tout  indispensable  de  rappelcr  l' observation  laportantc  qui  suit  :  cela  n'a 

;  pat  de  sens  de  vouloir  optiaiser  (au  sens  des  pertes)  un  dlffuseur  supersonlque,  c’est-A-dire  corres- 

\  pondant  A  un  Aco»*le*ent  auperaonlque  donnA  A  l‘entr€e,  le  d&bit  fctant  ainsi  figA,  pour  un  niveau  de 

prcsslon  aval  dome.  En  effet,  le  fait  de  se  donner  cette  presalon  aval  (qulvaut  A  $e  donner  les  pertee. 
L’exeaple  de  la  priae  d’air  pitot  aonodiaensionnelle  illustre  bien  cet  effet. 

j  ConsidArous  une  priae  d’air  pitot  de  section  d’entrAe  K\  et  allaentAe  par  un  Acouleaent 

supersonlque  M|  ;  solt  A2  la  section  A  l'aval  et  P2  la  presalon  statlque  dans  la  section  A2* 
;  Supposons  qua  le  rAgiee  eat  aeorcA,  11  y  a  ainsi  choc  droit  dans  la  partie  dlvergente  (fig.  21). 


7.5-11 


La  presence  dr  la  vlscoaltf  du  flulde  nr  change  stricter  nt  rten  2  ce  raisouneaent  :  «n  fluids 
non  vlaqueux,  lea  pertes  aeront  dues  unlquenent  aux  ondes  de  choc  (u.-i  choc  droit  dana  le  car  de  la  prise 
d'alq  pitot).  Sn  flulde  vlaqueux,  11  y  aura  partage  entre  lcs  pertee  par  vlacoalt*  (frotteoent)  Inter¬ 
action  choc-couche  llalte  et  choc  done  l'lntensltf  aera  plus  falble  qu'en  flulde  non  vlaqueux. 

La  aeule  optimisation  possible  conslste  1  olnlolser  lea  pertes  au  point  juste  avant  le  d£sa- 
aorqage,  c'est-l-dlre  avant  la  dlalnutlon  du  dfblt.  Pour  la  prise  d'alr  pitot,  cela  correspond  au  choc 
droit  dans  la  section  d'entrfe  Aq,  la  perte  en  flulde  non  vlsqueux  Stant  cells  due  au  choc  M(,. 

L'optlalsatlon  conslste  alors  A  ralenttr  au  prfalable  I'fcoulement  auperaonlque  sfln  qu’au 
dtsaaorqage  l'lntensltf  du  choc  solt  plus  falble.  La  preaalon  statlque  Pg**  au  dfaaoorqage  sera  plus 
Slevfe  que  cells  P2*  de  la  prise  d'alr  non  optlalsfe  :  poui  P2  -  P2*  lea  deux  prises  d'alr  auront 
lea  mtmes  pertes,  pour  ?2  -  P2**  1*  prise  d'alr  non  optlalafe  aura  ua  dfblt  lnftrleur. 

Une  des  conclusions  de  la  renarque  lmportante  rappelfe  cl-dessus,  eat  qu'll  faut  fairs  trfe 
attention  quand  on  compare  dlfffrents  dlffuaeurs  superaonlques*  En  partlculler,  al  l'on  impose  les  almas 
conditions  de  sortie  (par  exeaple  par  la  presence  des  Stages  suivanta)  pour  des  mfaes  conditions 
d'entrfe,  11  n'y  aura  aucune  difference  entre  dlversea  solutions  du  point  de  vue  du  rendeoent,  par  contre 
let  aargea  pourront  Itre  difffrentes. 

Si  l'on  utilise  un  dlffuseur  aptlalef,  11  eat  nfeeasaire  que  les  conditions  avals  eolent  coapa- 
tiblea  avec  cette  optimisation. 

Coapte  tenu  des  observations  et  reaarques  Stabiles  prfctdeaeent  11  eat  possible  de  dfgagjr  des 
directives  gfofralos  pour  la  conception  dea  profits. 


Four  une  prealire  (bauche  du  profit,  11  eat  conselllf  de  conatrulre  la  prealire  partle  de 
1 'extradoe  du  profit  comae  une  ltgne  de  courant  naturelle.  On  cholalre  un  rayon  de  bord  d'attaque  le  plus 
petit  possible  afln  d'fvlter  un  blocage  et  des  pertes  Cventuelles. 

11  faut  alors  dlatlnguer  deux  cas  salon  qu'une  compression  Interne  eat  Jugte  nfeessatre  ou 

pas. 

a)  £*“. if n*_f9!fitesslon_ Interne 

Coapte  tenu  d'une  (volution  d'fpeleseur  donnte,  Ills  1  des  probUaes  technologlquss,  0  peut 
conatrulre  la  prealire  partle  de  I'lutrados.  On  peut  alors  dfftnlr  le  reste  de  l'extradoe  en  s'dlolgnant 
prograselveaent  de  la  llgne  de  courant  naturelle  1  perdr  de  la  rtglon  de  la  section  d’entrfe  ou  du  point 
de  dlpatt  (  de  la  caractfrlstlqu*  C*  aboutUaant  au  I.A.  de  l'aube  sulvants,  de  feqon  1  (vltsr  le 
blocege  dd  1  l'lntredoa,  et  <  sssurer  une  direction  t  I'eval  sur  le  reyon  de  sortie  choltl  ou  pour  une 
corde  donate.  On  teralae  enftn  1' Intradoe  aeloo  la  lot  d'lpalsaaur  envlaegf*. 

tin  cslcul  direct  peroettre  alors  de  vfrlfler  qu'll  n'y  a  pas  de  blocege  par  col  Interna,  at 
auaal  d'sstlaer  l'fcert  entre  1'lncidence  celcuKe  et  cells  eouhaltte. 

A  co  etude,  1'eaplol  de  Is  althode  Inverse  peut  (tre  tntfreeaent  pour  ndlfter  la  rfpartltlon 

obtenue  sur  l'extradoe  dans  la  rtglon  d'entrfe  aula  auaal  pour  la  partla  aubaoalqua  t  plualaura  calculi 

aeront  toutsfola  nfceeeslres  pour  adapter  au  aieux  laa  conditions  d'eutrie. 

b)  S»a.*vacrcojjrcailon_lntern» 

La  coapreaalon  lntarna  paut  aa  falre  par  una  coepreaslon  t  partlr  du  point  *  (fig.  11)  avac  un 
dltdre  ou  une  Ifgtr*  rsape  de  compression  dlvlant  ffcouleaant  da  yi  par  rapport  I  la  llgne  de  courant 
natural la  autvla  auparavant  par  1’axtradoa.  Hal*  11  y  a  auaal  la  cooprecetoo  dua  au  dlldrs  da  bord 
d'attaqu*  conaulaant  I  un  niveau  da  Kacb  Mj. 

Dsns  la  Mjorltt  daa  cas  11  paratt  judlcleux  da  pusttlonnar  la  col  (section  Biotas!*)  au  volsl- 

nsgs  du  ptsd  D  foods  da  coapreaalon  Ulus  du  bord  d'attaque  Ag  da  f  lot  redos  da  f  subs  adjacent*.  On 

reoarque  qu'll  y  a  plualaura  coaproals  possible  entre  le  dtvtstlon  i>  en  I  et  Is  dUdre  do  ».*.  pour 
donner  un  else  nlveeu  de  Nsch  Nj  au  col.  Una  Ituda  pataattrlque  (sella  I  fairs  att  trl*  utlla  pour  la 
cholx  da  ca  eoaproalt.  Insults  11  faut  rsapactar  la  poielbllitt  d'aoorcar  cat  Icoulaiiant  euparaanlqua 
dana  U  convergent  svsc  Ivsotutl Waant  una  cartalns  Bargs.  Cals  eat  (tells  1  gcabltr  dana  la  thlorls 
■onodlaanalonnalle  qul  sat  applicable  pour  une  grills  el  la  masbrs  da  Hath  rests  g  pen  prie  untforsas 
Juata  avast  la  col,  «ala  davlant  plus  difficile  I  prfvolr  al  la  configuration  sat  irldltMnalosoalla. 
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Enfln  11  faut  prSvolr  une  psrtlc  divergence  en  aval  du  col  qui  condendra  le  choc  principal 
uls  cecce  divergence  dole  rescer  aodtrie  pour  tvlter  une  rtacc$l(ratlon  crop  brucale  ec  perdre  alnal  le 
bindflce  de  la  coapreaelon  lncerne  prtalable.  II  resce  enfln  i  feraer  le  profll  aala  cela  eac  lit  1  la 
dSflexlon  globale  de  l'tcouleaenc  dlelrS.  le  paa  relaclf  rtsulte  alnal  de  la  coocepdon  du  canal  tnce- 
raube.  Pluoleure  grilles  one  ft!  dfif tales  ec  eapbrloentftea.  Un  r6sultat  eac  prfiaentd  en  [2]. 

6  -  CONCLUSION 

Lea  condlclona  d'exlacance  ec  lea  proprlbeCa  du  phtnoodne  d' Incidence  uniques  blen  connuea  dans 
le  cae  d'une  grille  plane  d'aubee  aupersonlquea  one  tei  Icenduea  au  cas  cria  gfnSrsl  d’une  grille  1  rayon 
variable  ec  nocaaaene  au  cas  d'une  grille  radlsle-  L'analyse  quallcaclve  des  dlverses  conf IguraCtona 
atrodynaaiques  alnal  que  lea  effecs  prlnclpaux  de  la  forae  de  la  rtglon  de  capeadon  des  aubagea 
perascceac  de  dddulre  des  dlrecclves  gCadrsles  pour  la  concepdon  de  profile  eu  rtduisane  au  aloux  lea 
perCes. 
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DISCUSSION 

H  ASchrelber,  Ge 

You  explained  the  principle  relationship  of  M,  and  p,  for  the  configuration  of  a  radial  cascade.  Can  you  give  some 
quantitative  data,  on  how  this  M,  and  fi,  relationship  looks  in  a  real  radial  cascade  configuration? 

Author's  Reply 

The  analysis  presented  in  the  paper  is  only  qualitative  and  I  can'i  give  you  any  quantitative  data.  I  have  checked  by  using 
a  2D  Euler  Code  that  all  phenomena  happened.  Hut  it  is  only  in  the  simple  case  of  on  isolated  cascade  aiul  not  In  the 
real  radial  configuration. 

In  the  case  of  a  ratio)  diffuser,  there  is  a  strong  interaction  between  stator  and  rotor,  and  the  flow  is  unsteady  ami  very 
complicated. 

In  the  case  of  a  radial  rotor,  without  any  row  at  the  entrance,  1  am  sure  thai  the  analysis  and  optimisation  suggestion  can 
be  applied. 
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SUMMARY 

"'Extensive  experimental  and  theoretical  investigations  of  different  turbine  cas¬ 
cades  have  been  performed  within  the  transonic  Mach  number  range.  Some  problems 
related  to  measurements  in  rectilinear  cascades  are  discussed.  From  the  done  flow 
field  calculations  using  a  2-d  time-marching  Euler  code  limitations  can  bo 
determined  when  applying  the  computer  code  itself  as  well  as  when  comparing  the 
calculated  data  with  experimental  onos.  Experimental  and  theoretical  results 
within  the  subsonic  Mach  number  range  are  used  to  chock  the  accuracy  of  "simplified 
methods"  for  calculating  the  downstream  flow  angle. 

1 

1.  INTRODUCTION 


The  great  variety  of  possible  and  applicable  turbine  blade  profile  forms  has 
precluded  so  far  the  accumulation  of  systematic  and  rather  exhaustive  aerodynamic 
data,  as  ara  available  for  axial  compressor  blades  -  at  least  in  the  subsonic 
regime.  Therefore,  as  well  as  for  the  development  and  optimisation  of  new  profile 
forma  as  for  tho  detailed  calculation  of  multi-stage  turbine  bladings,  methods 
are  necessary  for  the  sufficiently  exact  calculation  of 

•  outlet  angle 

•  aerodynamic  loss  coefficient 

in  the  whole  subsonic-compressible  and  -  mainly  for  gas  turbines  -  in  the  transonic, 
flow  regime  in  the  great  numbers  of  cases,  where  pertinent  experimental  data  are 
not  available. 

Loss  calculation  has  made  progress  by  combined  application  of  modern  cascade  flow 
and  boundary  layer  methods.  Outlet  angle  calculation  by  flow  field  methods  r w ill 
comprises  soma  uncertainties,  mainly  connected  with  the  formulation  of  the 
trailing  edge  condition,  and  the  practical  application  seemingly  encounters  often 
come  doubt.  Furthermore  it  necessitates  a  not  nogligibU  effort  in  the  preparation 
and  the  execution  of  computer  calculations  end,  consequently,  the  turbo  machine 
industry  still  prefers  to  apply  widely  different  "si-mo lifted  methods"  -  o.g.  tho 
well  known  Sine  Law  for  the  calculation  of  outlet  angle.  All  of  these  are  based 
on  balance*  of  mass  flow  and  momentum  in  the  outlet  region  of  the  cascade  and 
necessitate  various  simplifying  assumptions. 

Because  of  the  differing  experience*  in  application  of  "simplified  methods"  and, 
to  some  extend,  of  modern  cascade  flow  calculation  methods,  a  research  project 
was  initiated  by  Forschungsve.ro inlgung  Verbrenmingskreftesschinan  (FVV)  and  car¬ 
ried  out  Jointly  by  Institut  fUr  Stromungsmaschinen  (IfS),  UniveraltSt  Hannover, 
and  Institut  fUr  Experimental le  Stromungsmechanik  (SH-ES)  st  Deutsche  Forschungs- 
und  Versuchsenstalt  fUr  Luft*  und  Raumfahrt  (DFVLR),  Gottingen.  It  comprises: 

•  experimental  investigation  of  downstream  flow  angle,  loss  coefficient  und 
pressure  distribution  for  several  cascades  in  tbs  transonic  regime  (DFVLR, 
chapter  2), 


♦  flow  field  calculation  using  a  transonic  time  marching  procedure  and  compar¬ 
ison  with  experimental  data  (DFVLR,  chapter  3), 

•  experimental  investigation  of  downstream  flow  angle,  loss  coefficient  and 
pressure  distribution  for  several  cas<  des  in  the  -ubsonic-compressible  regime 
(IfS,  chapter  4), 

♦  flow  field  calculations  using  a  subsonic-compressible  finite  difference  method 
and  comparison  with  experimental  data  (IfS,  chapter  S), 

*  comparison  of  downstream  flow  angle  data  from  several  "simplified  methods" 
with  experimental  results  for  more  than  thirty  different  turbine  cascades 
(IfS,  chapter  6). 

The  project  resulted  in  a  deepend  insight  in  the  potential  and  the  limitations 
of  the  different  methods  and  a  better  understanding  of  the  aerodynamic  charac¬ 
teristics  of  turbine  cascades. 


2.  EXPERIMENTAL  INVESTIGATIONS  ON  TRANSONIC  TURBINE  CASCADES 


At  DFVLR  the  experimental  task  within  the  scope  of  this  projoct  has  been  to  re¬ 
measure  three  different  profiles  in  one  cascade  geometry  each  and  a  fourth  profile 
in  six  different  cascade  geometries.  All  these  cascades  have  been  investigated 
for  the  design  incidence  flow  angle  and  within  the  downstream  Mach  number  range 
0.2  <  Ma  <  1.3.  From  the  obtained  wake  traverses,  surface  pressure  distributions 
and  Schlieren  photographs  documented  in  (6)  a  few  examples  are  taken  to  discuss 
some  typical  problems  of  transonic  turbine  cascade  flow. 


2.1  Test  facility 

A  detailed  description  of  the  test-facility  for  rectilinear  cascades  (EGG)  of 
DFVLR,  Gottingen  is  given  in  |1).  The  cascade  assembly  drawn  to  ncslo  is  shown 
in  FIGURE  I  for  a  hub-seetion  cascade.  The  width  of  the  flow  chanrnl  which  is  equal 
to  the  height  of  the  cascade  blades  is  12S  an.  In  general,  the  profile  chord  length 
is  60  we  and  therefore  the  aspect  ratio  is  208.  There  are  approximately  6  blades 
In  the  flew  fiold  in  the  case  of  stator  cascades  and  up  to  15  in  the  ease  of  rotor 
cascades . 

Some  blades  of  the  cascade  are  fixed  into  gif's*  panes  :o  allow  the  ScMieren 
pictures  to  be  tsken.  For  surface  pressure  distribution  measurements ,  one  of  the 
blades  is  substituted  by  an  instrumented  one.  For  this  subject  the  panes  of  glass 
in  the  cascade  rig  are  replaced  by  steel  plates. 


2.2  Upstream  flow 

tn  the  upstream  flow  field  tots!  pressure,  total  temperature,  end  humidity  of  the 
air  ere  measured  in  the  settling  chamber.  The  upper  and  lower  walls  of  the  rec¬ 
tangular  nossle  can  be  adjusted  in  horizontal  and  vertical  direction  and  can  be 
aet  to  eagles  up  to  t4*  relative  to  the  centro  line.  These  adjustment#  ere  used 
to  set  the  inlet  flow  conditions  to  periodicity  as  well  as  possible.  The  wall 
static  pressure  can  be  measured  in  a  plane  parallel  to  the  cascade  inlet  front 
St  96  positions  distributed  Over  all  blade  passages  on  one  instrumented  side-wall. 
Value#  frees  47  porta  ate  acquired,  01  to  D47  in  fig.  1. 

Through  holes  on  the  opposite  side  well  in  the  very  same  plane,  the  incidence  angle 
can  be  measured  with  a  wedge  probe  at  7  different  locations,  VI  to  V7.  The  check 
of  thir  \ngle  is  necessary  because  experience  has  shown  that  the  actual  incidor.ee 
angle  can  differ  by  up  to  ±2*  from  the  geometric  one.  The  incidence  angle  dis¬ 
tribution  as  well  as  the  static  pressure  distribution  show  a  remarkable  dependence 
on  the  position  of  the  upper  tad  lower  walls. 

With  the  adjustable  walls  variations  in  th*  flow  angle  can  be  kept  within  the  range 
of  so«w  tenth  of  a  degree.  In  FIGURE  2  the  distribution  of  the  inlet  Keeh  number 
based  oo  static  pressures,  06  to  D42,  and  total  pressure  in  the  settling  chamber 
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shows  that,  for  two  flow  condition  ,  the  distribution  is  quite  uniform  except  for 
the  region  close  to  the  upper  ard  lower  wails. 

FIGURE  3  shows  the  dependence  ~f  inlet  Mach  number  on  outlet  Mach  number.  The 
choking  Mach  number  is  about  0.5  corresponding  to  a  downstream  Mach  number  of  about 
0.9.  For  higher  flow  accelerations  no  changes  in  the  upstream  flow  occur. 

Tests  lead  to  higher  inlet  Mach  numbers  than  can  be  expected  for  2-d  flow  [2]. 
This  is  due  to  the  relatively  long  inlet  duct  which  causes  a  turbulent  boundary 
layer  of  about  30  mm  thickness  on  both  sides.  In  the  future  an  adaptive  nozzle 
will  be  used  which  is  shorter  in  order  to  approximate  2-d  flow  conditions  better. 


2.3  Downstream  flow 

Usually,  downstream  of  the  cascade,  the  flow  is  not  guided  by  walls  and  therefore 
free  shear  layers  originate  from  both  the  top  and  bottom  blades.  The  interference 
of  obstacles  crossing  the  whole  channel  in  the  downstream  supersonic  flow  field 
is  demonstrated  by  Schlieren  pictures  (flash  duration:  50  nsec)  in  FIGURE  4.  Four 
pitches  downstream  cylinders  of  different  diameters  are  inserted.  Severe  dis¬ 
tortions  of  the  flow  arc  evident  even  if  the  diameter  of  the  cylinder  is  only  about 
twice  of  the  blade'.-  trailing  edge  thickness.  This  was  taken  into  account  by 
designing  the  probe  W-.n  a  long  axial  stem  and  mounting  the  probe  support  as  far 
downstream  as  possible,  [3],  In  FIGURE  5  Schlieren  pictures  show  the  probe  head 
within  the  flow. 

A  wedgo-type  probe,  [3],  specially  designed  for  tests  in  the  complex  supersonic 
cascade  flo:-  fields  is  traversed  at  a  fixed  ar.vle.  From  the  probe's  readings  the 
local  value*  for  total  and  static  pressure  and  flow  angle  are  evaluated  within 
the  calibration  range  for  the  flow  angle  of  ±6°. 

In  FIGURES  6  and  7  sample  measured  distributions  of  local  flow  angle,  total 
pressure  and  Mach  number  are  shown  for  a  stator  cascade.  In  the  case  of  subsonic 
flow  results  are  shown  for  about  7  different  pitches  beginning  from  the  free  shear 
layer  at  the  bottom.  About  2  pitches  from  this  boundary  the  wakes  are  almost 
identical.  The  rig  consists  of  two  more  blades.  For  those  blades  measurements  could 
■•ot  be  provided  due  to  the  restrictions  of  the  support  system.  This  would  be 
possible  with  the  system  in  use  today  because  the  downstream  area  is  now  covorod 
with  800  mm  instead  of  the  previous  314  mm. 

In  the  supersonic  case  the  flow  is  often  less  periodic.  The  expansion  around  tho 
trailing  edges  can  lead  to  a  smaller  flow  angle  at  the  bottom  blade  and  to  a  higher 
one  at  the  top  blade.  This  may  cause  an  gradient  in  the  flow  field. 

Trailing  edge  shocks  are  reflected  from  the  froe  shear  layer  and  its  influence 
on  the  flow  pattern  can  bo  considerable,  especially  whon  causing  additional  shock 
boundary  layer  interactions  or  flow  separation  at  tho  blades.  For  tho  example 
given  in  the  figure  the  results  for  the  3  pitches  of  tho  contre  Hade>  show  a  quite 
periodic  outlet  flow  field,  which  may  not  be  achieved  in  all  cases. 

Additional  reasons  for  deviations  of  the  flow  behind  different  pitches  are  due 
to  the  unavoidable  imperfoctions  of  the  hardware,  formerly  blades  wero  manufac¬ 
tured  by  copy-machining  from  a  template.  For  some  years  the  blades  have  been 
wire -eroded  from  brass  which  is  -  more  precise  method.  The  actual  shape  of  tho 
instrumented  blade  is  mcasurod  with  a  ZEISS  UMM  500  and  is  compared  with  tho 
desired  contour.  Usually,  deviations  normal  to  the  surface  are  within  5/100  mm. 
These  maximum  deviations  occur  at  the  leading  edge  und  trailing  edge,  respec¬ 
tively.  They  are  primarily  duo  to  the  technology  used  to  instrument  the  blade, 
[1).  An  important  geometric  quantity  is  the  throat,  c*,  i.e.  the  shortest  dis¬ 
tance  between  two  adjacent  blades,  fig.  numbers  differ  up  to  3/10  mm.  For 
calculating  the  1-d  theoretical  choking  Mach  number,  an  avoraged  value  of  e*  is 
used. 

From  the  data  of  the  inhomogeneous  flow  in  the  traverse  plane,  the  properties  of 
an  equivalent,  uniform  downstream  flow  are  obtained  bv  applying  the  equations  of 
conservation  of  mass,  momontum  and  energy  (4,.  Results  of  data  for  downstream 
flow  angle,  total  pressure  lose  and  axial  velocity  density  ratio  as  functions 


of  downstream  Mach  numoer  are  gi;en  in  FIGURES  8  to  10  for  the  cascade  shown  in 
fig.  1 • 


2 .4  Pressure  distribution 

In  FIGURE  11  a  measured  surface  pressure  distribution  is  shown.  The  pressure 
coefficient 

0)  Cp*  =  [pk  -  p*]  /  P*  and  p*/p01  =  [2/(K+1)]K',(le'1) 

is  plotted  versus  the  axial  length  of  the  cascade,  XA/LA.  In  FIGURE  12  the  pressure 
distribution  cpI*  is  plotted  versus  YA/LU,  the  coordinate  perpendicular  to  the 
axial  direction,  and  combined  with  the  corresponding  Schlieren  picture  which 
allows  an  easy  comparison. 

Examplarily,  the  suction  side  flow  behaviour  is  discussed:  the  flow  is  accelerated 
from  the  stagnation  point  at  YA/LU  -  0.4  continously  up  to  YA/LU  =  0.0.  An  area, 
of  recoutpression/expansion  follows  up  to  YA/LU  =  0.3.  Froc  there  the  flow  is 
accelerated  up  to  YA/LU  =  0.7  where  the  trailing  edge  shock  from  the  adjacent  blade 
is  reflected  which  causes  a  shock  boundary  layer  interaction.  Further  downstream 
the  flow  is  decelerated  and  finally  forms  a  shock  at  the  trailing  edge. 

By  integrating  pressure  distributions  aerodynamic  forces  in  the  blades  can  be 
determined.  These  values  can  be  cross-checked  with  those  evaluated  from  data 
reduction  of  the  wake  flow  measurements.  In  FIGURE  13  results  are  shown  for  the 
normal  force  coefficient,  normal  to  the  chord  direction,  and  for  the  tangential 
force  coefficient.  Only  the  results  for  the  first  seem  to  agree  quite  well.  The 
deviations  are  related  to  the  fact  that  friction  forces  are  taken  into  account 
by  probe  measurements  but  not  by  static  pressure  measurements  on  the  blades. 


3.  THEORETICAL  INVESTIGATIONS  OF  TRANSONIC  TURBINE  CASCADES 


At  DFVtR  the  theoretical  task  of  the  projoct  has  hoon  to  perform  flow  field  cal¬ 
culations  applying  a  2-d  time-marching  Euler  code  for  seven  different  cascades 
for  subsonic  and  transonic  downstream  Kach  numbers.  These  data  have  been  used 
to  determine  limitations  of  the  application  of  the  computer  code  itself  as  woll 
as  to  chock  some  assumptions  which  aru  necessary  for  "simplified  methods"  to 
calculate  the  angle  of  the  homogeneous  downstream  flow.  Some  typical  results  are 
discussed  and  compared  with  experiments. 


3.1  Computer  eo^'a 

A  finite  volume  method,  (2),  is  used  to  solve  the  time -dependent  Euler  equations 
for  2-d  compressible  flow.  The  boundary  conditions  prescribed  in  the  computer  code 
are  total  pressure,  total  temperature  and  direction  of  the  homogeneous  flow 
upstream  of  the  cascade  and  the  static  prossuro  downstream.  Thu  spatial  discre¬ 
tisation  is  based  on  a  11-grid  which  is  systematically  refined  in  four  steps. 
Refinement  is  done  by  doubling  the  number  of  quasistreamlines  as  well  as  the  number 
of  nodes  on  a  quasistreamline.  In  FIGURE  14  a  second  mesh  consisting  of  relatively 
widely  spaced  grid  points  is  shown.  From  the  final  solution  of  the  coarser  grid 
initial  values  for  the  next  finer  one  are  interpolated.  The  values  of  the  homo¬ 
geneous  flow  are  calculated  using  the  conservation  lows  according  to  (4)  after 
each  time  interval. 

Formerly  the  vanishing  local  pressure  change  on  the  blade  contour  wea  used  to 
define  a  criterion  for  the  "steady  state"  solution  with  iteration  in  time.  For 
this  project  the  "steedy  state"  was  based  on  the  vanishing  changes  of  the  homo¬ 
geneous  downstream  flow  quantities,  ( 5 ) .  These  time-dependent  values  approach  the 
Steedy  state"  with  variations  ot  decreasing  amplitude.  In  FIGURE  IS  the  "steady 
state  values  for  the  four  grids  after  46,  dO,  160  and  320  time  intervals  ire  shown 
for  downstream  flow  angle,  pressure  loss  coamciont,  upstream  and  downs'. ream  Mach 
number  and  the  axial  velocity  density  ratio.  Allowing  deviations  froc  this  "steady 
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state"  value  of  about  Af52  •  ±1.0',  ±0.5*,  ±0.25*  or  ±0.1*,  in  the  four  meshes 
respectively,  as  the  maximum  amplitudes  for  the  downstream  flow  angle  then  the 
"steady  state"  is  approximated  sufficiently  after  10,  20,  40  and  80  time  intervals. 
The  accuracy  achived  for  the  other  flow  quantities  is  given  in  the  figure,  too. 
Th>re  is  a  significant  change  of  the  steady  state  values  in  the  first  three  meshes, 
while  in  the  finest  mesh  only  local  values  vary,  especially  near  the  leading  and 
trailing  edge,  [5].  If  one  takes  into  account  that  the  experimental  error  in 
general  corresponds  to  the  accuracy  prescribed  in  the  third  mesh,  the  accuracy 
of  the  final  solution  is  sufficient. 


3.2  Application  of  the  computer  code 
«  Surface  pressure  distribution 

In  FIGURE  16  the  surface  pressure  distribution  for  a  low  subsonic  downstream  Mach 
number  in  cascade  10.1.2  with  the  designed  blades  is  shown.  The  comparison  of 
experimental  and  calculated  data  indicates  some  significant  deviations  marked  by 
arrows.  Another  calculation  using  Katsanis'  code,  [6],  results  in  a  very  similar 
pressure  distribution  with  irregularities  at  the  same  locations.  In  the  case  of 
transonic  downstream  Mach  number  in  fig.  11  the  corresponding  deviations  are  to 
be  seen. 

The  two  main  reasons  which  cause  these  deviations  are  first  the  inaccuracies  of 
the  manufactured  blades  forming  the  cascade  10.1.21  and  second  3-d  effects  because 
of  the  side-wall  boundary  layers  resulting  in  an  axial  velocity  density  ratio  u 
not  equal  to  1.0.  The  irregularities  of  the  surface  pressure  distribution  vanish 
when  the  actual  cascade  10.1.21  is  computed,  fig.  11  and  16.  The  remaining  dif¬ 
ference  to  the  experimental  values  can  be  reduced  again  by  introducing  the  axial 
velocity  density  ratio  from  the  measurements  given  in  fig.  10  to  the  code.  This 
leads  to  a  remarkable  agreement  of  experimental  and  calculated  data  for  both 
subsonic  as  well  as  for  transonic  downstream  Mach  number. 

The  calculated  blade  force  coefficients  determined  from  homogeneous  flow  quanti¬ 
ties  on  one  hand  and  from  pressure  distributions  on  the  other  give  nearly  the  same 
results,  fig.  13.  Inspito  of  the  abovomentionod  deviations  in  the  pressure  dis¬ 
tribution,  after  integration  the  calculated  results  for  cascade  10.1.2  and 
experimental  ones  for  cascade  10.1.21  agree  quite  well. 

•  Influence  of  blade  variations 

The  blades  used  in  the  basic  cascade  10.1.2  have  very  thin  trailing  egdos,  i.o. 
low  values  of  d/t  soe  TABLE  1 ,  and  a  curved  suction  side  downstream  of  the  throat. 
The  variation  of  tho  flow  field  duo  to  changes  of  the  blade's  suction  side  and 
trailing  edge  have  been  investigated  in  cascados  10.SSV1  and  10.SSV2.  Tho  blado 
shapes  in  FIGURE  IF  indicate  tho  incroaso  of  tho  trailing  edge  diameter,  tho 
reduction  of  the  curvature  of  the  suction  side  and  identical  contours  up  to  tho 
throat.  Therefore  the  gooaotry  of  the  cascade  variations  has  been  chosen  to  give 
tho  sane  flow  channel  up  to  the  throat  as  in  cascade  10.1.2.  Duo  to  the  different 
chord  length  of  the  blades  the  pitch  chord  ratios  in  tab.  1  are  slightly  different. 

In  fig.  17  the  calculated  pressure  distributions  for  a  downstream  Mach  number  of 
Ma2is  ■  0.670  are  shown.  There  is  an  increase  of  the  velocity  level  on  the  blade 
surface  related  to  the  increase  of  tho  trailing  edge  thicknose.  The  difference 
between  the  prossure  distributions  for  the  two  cascade  versions  is  loss  than  that 
between  the  basic  one  and  version  10.SSV2.  Due  to  the  unchoked  flow  condition 
the  whole  flow  field  is  influenced  by  the  thick  trailing  edge.  Hie  stronger 
expansion  around  the  thicker  trailing  edges  causes  tha  increasing  differences 
between  the  local  pressure  maximum  and  minimum.  Based  on  this  expansion  there  is 
an  upstream  shift  of  the  crossing  of  the  pressure  curves  of  the  suction  and  the 
p->saure  side.  In  FIGURE  18  the  experimental  results  for  other  flow  conditions 
indicate  the  same  behaviour.  In  the  case  of  transonic  downstream  Mach  numbar,  i.e. 
for  a  choked  cascade,  there  are  identical  pressure  distributions  up  to  tho  throat, 
PIG  ’'IF  Moreover  the  pressure  distributions  indicate  an  increasing  strength 
of  th-  .hock  reflected  on  the  suction  side  with  increasing  trailing  edge  thick¬ 
ness. 

In  the  throat,  constant  flow  velocity  and  constant  flow  direction  perpendicular 
to  the  throat,  are  assumed  whan  using  "simplified  methods"  to  calculate  the  angle 
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of  thj  homogeneous  downstream  flow.  For  cascade  10.SSV2  the  local  flow  direction 
in  the  throat  calculated  by  the  time  marching  procedure  (TMP)  indicates  signif¬ 
icant  deviations  from  this  assumption,  see  FIGURE  20.  This  may  be  related  to  the 
thick  trailing  edge  but  in  cascade  3.1.1,  having  blades  with  thin  trailing  edges, 
there  are  remarkable  differences,  too.  In  addition  the  local  flow  velocity  varies 
by  about  ±10%  from  an  averaged  value,  [5].  As  the  abovementioned  assumptions  are 
not  proven  by  the  time-marching  procedure  in  these  cases  significant  differences 
between  the  downstream  flow  angle  calculated  using  one  of  the  "simplified  methods" 
and  experimental  results  may  be  expected. 


3.3  Homogeneous  flow  quantities 
•  Upstream  flow 

For  cascade  10.1.2  the  homogeneous  upstream  flow  indicates  that  the  experimental 
upstream  Mach  number  is  higher  than  the  corresponding  calculated  one,  fig.  3,  due 
to  side-wall  boundary  layers  in  the  wind  tunnel.  Correcting  the  geometric  cross- 
section  with  the  displacement  thickness  a  corrected  experimental  inlet  Mach  number 
for  2-d  flow  can  be  calculated.  The  results  from  the  flow  field  calculation  for 
cascade  10.1.2  and  10.1.21  using  y  =  1.00  fit  this  curve  quite  well.  On  the  other 
hand  it  is  possible  to  take  into  account  different  cross-sections  in  calculation 
planes  1  and  ME  and  linear  interpolation  in-between  and  to  perform  a  quasi-3-d 
calculation  corresponding  to  the  experimental  value  y  not  equal  to  1.00.  The  result 
for  cascade  10.1.21  is  an  upstream  Mach  number  close  to  that  of  the  experiment. 

Due  to  the  thick  trailing  egdes  of  the  blades  in  cascades  10.SSV1  and  10.SSV2  the 
mass  flow  changes  for  subsonic  downstream  Mach  number  Ma2is  -  0.67.  There  is  a 
significant  difference  for  the  basic  cascade  and  the  variations,  while  the  two 
variations  have  nearly  the  same  upstream  Mach  number.  The  expansion  around  the 
thicker  trailing  edges  results  in  a  higher  level  of  the  contour  velocities  and 
therefore  more  mass  flows  through  the  cascade.  To  increase  the  mass  flow  in  cascade 
10.1.2  to  that  value  the  isentropic  downstream  Mach  number  has  to  be  increased 
to  Ma2is  =  0.70. 

«  Downstream  flow 

From  the  local  flow  quantities  in  calculation  plane  ME  the  values  of  the  homoge¬ 
neous  downstream  flow  are  computed.  For  the  basic  cascade  10.1.2  the  downstream 
flow  angle  in  fig.  8  from  experiment  and  calculation  fit  to  the  same  curve.  This 
is  related  to  the  fact  that  the  values  of  the  pressure  loss  coefficients,  {  (ZETA) , 
in  fig.  9  are  close  to  each  other,  i.e.  for  the  subsonic  case  numerical  losses 
due  to  smoothing  the  solution  and  for  the  transonic  case  numerical  losses  and 
predicted  shock  losses  are  comparable  to  the  measured  ones.  All  this  is  related 
to  the  thin  trailing  edge  of  the  blades. 

For  the  cascades  having  blades  with  thicker  trailing  edges  the  downstream  flow 
angle  in  fig.  8  increases.  This  can  be  seen  in  the  case  of  the  blade  variations 
aa  well  as  in  the  case  of  the  actual  blade.  The  corresponding  pressure  loss 
coefficients  in  fig.  9  increase  as  well,  When  smoothing  the  expansion  around  a 
thick  trailing  edge  obviously  from  the  subsonic  case  the  numerical  viscosity 
increases.  This  gives  a  hint  for  the  necessity  of  a  wake  model  to  be  incorporated 
in  the  procedure  especially  for  thick  trailung  edges. 

For  the  axial  velocity  density  ratio,  y  (MY),  in  fig.  10  it  can  be  seen  that  tho 
calculated  values  are  close  to  1.00,  while  the  experimental  ones  are  significantly 
different.  As  mentioned  above  this  is  because  of  the  higher  upstream  Mach  number 
due  to  side-wall  boundary  layers.  If  these  geometric  modifications  of  the  flow 
channel  are  Introduced  to  the  code  the  calculated  values  are  close  to  the  exper¬ 
imental  ones. 


4.  EXPERIMENTAL  INVESTIGATIONS  ON  SUBSONIC  TURBINE  CASCADES 


Parallel  to  the  transonic  cascade  investigations  described  above  measurements  and 
calculations  in  the  subsonic-compressible  range  were  conducted  at  IfS,  Hannover. 
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For  two  different  profiles  geometrical  modifications  of  the  outlet  part  of  the 
suction  side  combined  with  an  increase  of  the  trailing  edge  thickness  were 
investigated  in  a  range  of  downstream  Mach  number  of  0.2  to  about  0.8,  Wake 
traverses  and  surface  pressure  measvrements  were  made  and  in  addition  some  L-2-F 
velocity  measurements  in  the  throat  area  for  comparison  with  flow  field  calcu¬ 
lations.  A  few  results  are  presented  here. 


4.1  Test  Facility 

The  cascade  tunnel  used  is  of  the  suction  type.  It  is  shown  in  FIGURE  21.  The 
blades  of  240  mm  length  are  mounted  between  two  circular  side  wall  plates  which 
can  be  rotated  so  that  the  outlet  flow  is  directed  roughly  vertically  downwards. 
One  of  the  side  plates  is  made  of  steel  and  comprises  the  probe  insert  and  trav¬ 
ersing  provisions,  furthermore  the  outlets  for  the  static  pressure  taps  on  the 
blades.  The  other  side  plate  has  a  glass  insert  and  allows  measurements  with  a 
L-2-F  anemometer  between  the  blades  and  behind  the  cascade.  With  a  blade  chord 
length  between  80  and  100  mm  the  aspect  ratio  realized  is  2.4  to  3.  Because  of 
the  limited  airflow  capacity  available  a  rather  limited  number  of  six  to  eight 
blades  constituted  the  cascade. 

The  flow  channel  consists  of  two  fixed,  sector-shaped  side  walls  and  two  adjustable 
guide  plates  which  are  set  at  the  intended  angle.  The  quality  of  the  inlet  flow 
is  controlled  by  static  pressure  taps  all  along  the  guide  plates  and  infront  of 
the  cascade.  The  uniformity  of  the  inlet  flow  is  remarkably  good.  The  side  wall 
boundary  layers  are  according  to  our  measurements  thin. 

Since  the  outlet  plenum  is  not  sufficiently  large  for  an  undisturbed  free  jet 
outlet,  the  flow  behind  the  cascade  is  protected  against  uncontrolable  influences 
from  the  direct  environment  by  adjustable  guide  plates.  This,  however  poses  the 
problem  to  avoid  influencing  the  flow,  especially  the  outlet  angle.  This  problem 
was  -  in  most  cases  sufficiently  to  satisfaction  -  solved  by  using  pressure  taps 
on  the  guide  plates  and  behind  the  cascade  for  adjusting  the  guide  plates  to  a 
nearly  uniform  pressure  distribution.  Nevertheless,  this  configuration  of  cascade 
tunnel  will  always  pose  operational  problems.  A  further  operational  limitation 
results  from  the  expansion  of  the  more  or  less  moist  air  in  the  cascade  which  leads 
to  spontaneous  condensation  under  transonic  flow  conditions  and  a  falsification 
of  the  results.  The  outlet  Mach  number  has  to  be  limited  to  about  0.8. 


4.2  Downstream  Flow 

For  the  determination  of  the  outlet  flow  a  wedge-type  five-hole  probe  (.FIGURE 
22)  was  used.  The  long  axial  stem  built  according  to  DFVLR  experiences  minimices 
the  interference  of  the  holder  with  the  flow.  The  probe  is  traversed  at  a  fixed 
angle.  The  flow  direction  is  calculated  from  the  calibration  factors.  Because  of 
the  geometrical  limitations  at  the  tunnel  the  traversing  travel  was  only  about 
two  pitches  lengths  which  is  not  enough  to  smooth  out  statistical  scattering.  In 
the  subsonic  region,  however,  the  results  wore  quite  satisfactory. 

Measurements  were  made  -  among  others  -  for  the  cascade  configurations  described 
above  (fig.  5  and  17  resp.).  FIGURE  23  shows  local  distributions  of  the  flow  angle, 
total  and  static  pressure  and  Mach  number.  The  decrease  of  uniformity  and  per¬ 
iodicity  with  increasing  trailing  edge  thickness  is  obvious.  The  comparison  of 
the  parameters  flow  angle  BETA2,  loss  factor  XI  and  inlet  Lava1  number  LAI  -  all 
calculated  from  the  test  data  also  according  to  (4]  -  with  the  same  data  from  the 
DFVLR  measurements  is  shown  in  FIGURE  24.  The  differences,  keeping  in  mind  some 
unavoidable  shortcomings  of  the  IfS  measurements,  are  rather  small  and  the  general 
compatibility  is  good.  Similarly  good  agreement  has  been  found  for  the  blade 
preaaure  distributions  which  is  not  shown  here  in  detail. 


26-8 


5.  THEORETICAL  INVESTIGATIONS  OF  SUBSONIC  TURBINE  CASCADES 


5.1  Computer  Code 

For  the  calculation  of  subsonic-compressible  flow  fields  in  turbine  cascades  a 
finite  difference  method  for  calculation  of  the  stream  function  acc.  to  Katsanis, 
[6],  was  used  after  some  adaptions  to  our  problem.  The  solutions  yields  the  2-d 
subsonic-compressible,  frictionless  flow  field  for  a  given  geometry  and  given 
inflow  and  outflow  conditions.  Contour  Mach  numbers  up  to  0.7  could  well  be  han¬ 
dled. 


5.2  Application  of  the  computer  code 

It  is  well  known  that  methods  like  this  demand  an  additional  information  defining 
the  total  circulation  around  the  profiles  to  render  a  correct  solution,  i.e.  the 
outlet  angle  should  be  available  as  input  which  poses  some  problems  in  all  cases 
where  experimental  data  are  not  already  available.  Test  calculations  for  a  number 
of  different  cascades  with  prescription  of  three  or  four  slightly  differing  outlet 
angle  values  showed,  that  -  provided  the  calculating  net  and  the  contour  point 
spacing  are  fine  enough  at  the  trailing  edge  -  the  "correct"  outlet  angle  value 
can  quite  easily  be  deducted  by  visual  inspection  of  the  pressure  distribution 
diagrams  with  some  experience.  A  "normal"  closure  of  the  pressure  curve  at  the 
trailing  edge  is  a  good  indicator.  It  seems  highly  probable  that  the  introduction 
of  an  extra  iteration  level  in  the  code  which  satisfies  p.e.  identical  velocity 
(or  static  pressure)  at  the  both  end  points  of  the  halfcircle  of  a  non-zero 
thickness  trailing  edge,  will  allow  the  direct  calculation  of  a  flow  field  with 
an  outlet  angle  correct  to  a  few  tenth  of  a  degree  (see  fig  16).  Experience  showed, 
as  mentioned  already  for  the  time  marching  method,  that  high  accuracy  for  the 
geometrical  input  data  is  indispensable  for  a  quality  solution.  Small  differences 
cause  considerable  disturbances  in  the  solution  (fig.  16). 

Very  important,  too,  for  the  comparison  of  measured  and  calculated  contour  pres¬ 
sure  distribution  curves  is  the  introduction  of  the  experimental  value  of  the  axial 
velocity  density  ratio  into  the  calculation,  if  it  deviates  -  as  often  -  sensibly 
from  unity.  FIGURE  25  shows  results  with  and  without  correction. 


0.  DOWNSTREAM  FLOW  ANGLE  CORRELATION 


6.1  "Simplified  Methods"  for  Outlet  Flow  Angle  Calculation 

Almost  since  the  beginning  of  turbomachine  theory  the  need  for  methods  for  the 
theoretical  prediction  of  the  outlet  flow  angle  covering  a  large  variety  of  profile 
forms  and  a  great  range  of  operating  conditions  was  felt.  In  course  of  time  a  host 
of  -  in  principle  -  quite  generally  applicable  methods  was  developed,  beginning 
with  the  famous  Sine  Law,  described  p.e.  in  a  modern  form  in  [8].  Further  exist 
the  Tangent  Law,  [9],  and  it's  more  generalized  form  in  [14],  the  methods  of 
Fricke,  [10],  and  Oedegard,  [11],  which  take  into  account  the  compressibility  of 
the  fluid  and  finally,  also  classical  example,  the  Jet  Deflection  Law,  [12],  for 
transonic  conditions  only. 

The  practical  experiences  with  all  these  methods  were  differing  widely.  The 
deviations  from  experimental  data  seemed  somewhat  erratic  and  unpredictable.  The 
research  project  the  results  of  which  are  reported  here  vefy  partially,  was  started 
originally  in  order  to  check  the  results  and  the  accuracy  of  all  these  "simplified 
methods"  for  the  calculation  of  outlet  flow  angle  in  a  wide  range  of  profile  form 
and  operating  conditions  against  proven  experimental  results  of  high  quality  and 
thus  decide  their  practical  applicabilty.  Experimental  data  were  collected  or 
produced  for  about  60  cascade  configurations  with  more  than  30  different  profile 
forms.  FIGURE  26  gives  a  synoptical  presentation  of  the  cascade  characteristics 
in  a  inflow  -  outflow  angle  manner.  FIGURE  17  shows  the  range  of  outlet  flow  Mach 
number  reap.  Laval  number  coverd  by  the  experimental  data. 
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For  all  cases  ths  outlet  flow  angle  was  calculated  according  to  all  the  "simplified 
methods"  cited  above  (exept  [14]),  if  applicable  for  variable  outlet  Mach  number, 
and  compared  with  the  experimental  data.  Three  typical  examplea  of  the  comparison 
are  presented  in  FIGURES  28  to  30. 

A  case  of  good  agreement  for  a  turbine  cascade  With  rather  high  deflection  shows 
fig.  28.  Although  the  Sine  Law  value  differs  by  more  than  5%  the  Tangent  Law  and 
the  Oedegard  method  coincide  nearly  perfectly  and  the  Fricke  method  agrees  quite 
well.  Even  the  decrease  and  increase  of  the  flow  angle  with  outlet  Mach  number 
is  very  well  reproduced.  Only  the  values  according  to  the  Jet  Deflection  Law  are 
far  off,  as  in  most  cases  investigated. 

Fig.  29  for  a  seemingly  similar  cascade  reveals  a  quite  different  situation.  The 
Sine  Law  gives  at  least  a  good  mean  value,  the  result  of  the  Fricke  method  is  very 
good,  while  Tangent  Law  and  Oedegard  differ  somewhat  more.  Fig.  30,  finally,  for 
a  quite  normal  profile  form,  shows  enormous  differences  in  the  subsonic  range. 
Especially  the  variation  of  outlet  flow  angle  with  Mach  number  is  overestimated 
by  all  methods  dramatically.  In  the  transonic  range,  however,  good  agreement 
exists,  which  is  true  for  quite  a  number  of  cases. 

As  a  resume  of  the  complete  investigation  it  can  be  stated  that  no  one  of  the 
"simplified  methods"  applied  showed  a  sufficient  agreement  with  experimental 
results  all  over  the  range  considered.  The  differences  are  differing  widely,  a 
correlation  with  cascade  geometry  or  other  relevant  parameters  could  not  be  found. 


6.2  Critical  Review  of  "Simplified  Methods" 

All  the  "simplified  methods"  investigated  here  are  based  on  the  application  of 
the  conservation  laws  for  mass  flow  and  momentum  in  a  "control  area"  limited  by 
the  throat  of  the  cascade  and  a  plane  with  assumed  homogeneous  flow  behind  the 
cascade  as  shown  in  FIGURE  31.  The  mass  flow  and  momentum  balances  are  influenced 
by  the  conditions  along  the  boundaries  of  the  control  area.  Only  the  influences 
of  the  rearward  stagnation  stream  lines  cancel  each  other  because  of  the  period¬ 
icity.  The  pressure  forces  in  the  throat,  Kpa,  on  the  rearward  suction  side.  Kps, 
on  the  trailing  edge,  KpB,  and  in  the  outlet  flow  plane,  Kp2,  further  the  mean 
velocity  vectors  in  the  throat,  wa,  and  in  the  outlet  flow  plane,  w2,  and  even¬ 
tually  the  friction  force,  R,  on  the  suction  surface  enter  into  the  balance 
equations.  Since  detailed  values  for  all  these  quantities  are  never  available  for 
a  simplified  calculation  of  the  outlet  flow  angle,  the  different  "simplified 
methods"  apply  different  assumptions  to  overcome  this  inherent  problem.  These 
assumptions  are  described  in  detail  in  the  pertinent  publications  cited  above;  a 
synopsis  is  given  in  (13]. 

Since  the  conservation  equations  for  mass  flow  momentum  introduced  in  the  "sim¬ 
plified  methods"  are  inherently  correct,  any  differences  between  the  values  cal¬ 
culated  by  this  way  and  the  real  values  can  only  be  due  to  the  fact,  that  the 
mentioned  assumptions  are  not  mat.  A  closer  examination  of  this  question  might 
reveal  the  reasons  for  the  experienced  deviations  and  show  perhaps  moans  for  an 
improved  "simplified  method"  through  a  better  understanding. 

Therefore  an  extensive  study  comparing  the  assumptions  of  the  different  "simpli¬ 
fied  methods"  with  the  real  values  of  the  relevant  quantities  along  the  boundaries 
of  the  control  area  extracted  from  numerical  flow  field  calculations  and  special 
cascade  measurements,  as  reported  above,  was  conducted  and  detailed  results  are 
reported  in  [13].  It  was  found  generally,  that  the  constitutive  assumptions  of 
the  "simplified  methods"  for  calculation  of  the  outlet  flow  angle  are  nearly  never 
fullfilled  and  considerable  differences  exist.  Relatively  small  modifications  in 
cascade  geometry  may  result  in  considerable  changes  of  the  numerical  values  of 
the  boundary  quantities.  Systematic  correlations  between  cascade  geometry  and  the 
relevant  quantities  for  the  balance  equations  valid  for  a  large  range  of  cascade 
geometry  and  operating  conditions  were  not  found.  This  does  not  exclude  the  pos¬ 
sibility  to  define  such  correlations  for  a  small  range  of  geometry  variations, 
i.e.  to  use  "simplified  methods"  with  correction  factors  or  functions  for  similar 
"profile  families"  in  a  satisfactory  and  safe  way.  The  necessary  corrections, 
however,  have  to  be  determined  empirically  for  each  case. 
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The  efxorts  to  correlate  the  outlet  flow  angle  to  specific  details  of  cascade 
geometry  -  unsuccessful  as  they  were  -  led,  however,  to  the  formulation  of  a  new 
general  correlation  of  acceptable  accuracy.  The  ratio  of  the  effective  mean  outlet 
flow  angle,  (52,  to  the  outlet  flow  angle,  (52sin,  calculated  according  to  the  Sine 
Law  is  correlated  to  the  contraction  of  the  flow  channel  near  the  throat  expressed 
as  angle  t  explained  in  FIGURE  32.  The  general  tendency  is  well  defined,  the 
accuracy  is  a  few  percent,  based  on  about  15  cascade  configurations. 


7.  CONCLUSION 


Modern  numerical  methods  for  the  calculation  of  cascade  flow  fields  render  sat¬ 
isfactory  results  in  the  compressible -subsonic  as  well  as  in  the  transonic  region, 
as  long  as  boundary  layer  separation  does  not  occur.  For  comparison  with  exper¬ 
imental  data  the  use  of  the  actual  and  accurate  cascade  geometry  and  the  exper¬ 
imental  value  of  the  axial  velocity  density  ratio  in  the  calculation  is  indis¬ 
pensable. 

With  appropriate  treatment  of  the  trailing  edge  -  even  with  considerable  thickness 
-  either  by  introduction  of  suitable  wake  flow  models  or  assumptions  into  the 
computer  code  or  by  competent  judgement  of  the  results  and  controlled  adaption 
of  the  input  data,  these  calculating  methods  will  render  values  for  the  outlet 
flow  angle  with  an  accuracy  sufficient  for  industrial  demands,  i.e,  of  a  few  tenth 
of  a  degree. 

"Simplified  methods"  for  the  calculation  of  the  outlet  flow  angle,  based  on  mass 
flow  and  momentum  balance  with  generalized  assumptions  for  the  outlet  area  of  a 
cascade  only,  are  not  capable  to  take  sufficiently  into  account  the  real  flow  field 
and  the  specific  nature  of  the  boundary  conditions  and  will  hardly  ever  achieve 
the  necessary  accuracy.  Application  of  these  methods  is  only  advisable  within 
narrow  ranges  of  cascade  geometry  and  with  empirically  determined  corrections  or 
adaptions . 
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FIGURE  8:  Downstream  flow  angle  of  homogeneous  flow  FIGURE  9;  Total  pressure  loss  coefficient  of  homo¬ 
geneous  flow 
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FIGURE  10:  Axial  velocity  density  ratio  of  homo' 
geneous  flow 
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FIGURE  111  Surface  pressure  distrlbwiioe  with 
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FIGURE  13t  PlecU  force  coefficient* 


FIGURE  14:  Definition*  within  the  coaputntioonl  se*t> 
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Suet ion- type  Cascade 
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1  -  Outlet  Plenum 

2  -  Side  Walls 

3  -  Inlet  Guide  Plates 

4  -  Cascade 

5  -  Outlet  Guide  Plates 

6  -  Cascade  Holding  Plate 

7,  8,  9,  10  -  Adjusting  Screws 

1 1  -  Probe  Slot 

12  -  Window 

13  -  Pressure  Meas.  Profiles 
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DISCUSSION 


HASciireiber,  Oe 

We  know  that  the  AVDR  can  have  a  strong  influence  on  the  downstream  flow  angle.  Have  you  considered  the  AVDR 
influence  in  the  §  correlation? 

Author’s  Reply 

The  correlation  presented  in  Figure  32  is  at  present  purely  empirical  and  no  corrections  are  included.  The  correction 
proposed  is  surely  possible,  but  we  did  not  work  on  this  further  refinement  of  the  correlation,  because  we  are  not 
Convinced  of  flic  general  applicability  of  any.  correlation  based  only  on  simple  geometric  parameters. 


J.DJJentoo,  UK  ~ 

in  Figures  28, 29, 30  why  is  the  value  of  Beta  2/Beta  3,  sin  equal  to  1  for  the  sine  rule? 

Did  you  make  any  comparisons  of  the  outlet  angle  predictions  from  the  computational  methods  with  the 
measurements?  '  '  •  '  \ 

If  not  1  think  that  it  would  be  a  very  useful  exercise.  - 

Author's  Reply 

Pj  sin  is  taken  from  the  simpic  sine  law 
pj  sin  —  arc  sin  a/t 
a -throat  width 

t  -pitch  ‘  • 

SIN  in  the  diagrams  is  the  result  of  a  corrected  sine  law  as  presented  fj.  in  Reference  8  or  in  Tranpel:  Terroische 
TUrbomaschine,  which  takes  into  account  the  trailing  edge  thickness. 

The  downstream  flow  angles  calculated  by  the  tlme-roarching  code  compare  in  general  well  with  experimental  data;  see 
Figure  8  of  the  paper.  The  subsonic  Katsanis  codcdemands  actually  to  specify  t tic  downstream  angle.  An  iterative 
calculation  based  on  visualjudgement  of  the  pressure  distribution  calculated  around  the  trailing  edge  normally  gives 
results  accurate  to  a  few  tenths  of  a  degree  Introduction  of  a  suitable  outflow  condition  into  the  Katsanis  code  seems 
well  possible  as  described  in  the  paper. 
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'A  SHOCK  LOSS  MODEL  FOR  SUPERCRITICAL  SUBSONIC  FLOWS  IN  TRANSONIC  AXIAL  FLOW  COMPRESSORS 

R.J.  Dtmkor 

DFVLR,  Institut  fUr  Antriebstechnik 
POStfach  90  60  58,  D-5000  K81n  90 
Federal  Republic  of  Germany 


This  investigation  was  aimed  at  developing  more  sophisticated  shock  models' to  be  incor¬ 
porated  la  ah' off-design  performance  prediction  method  for  transonic  axial  flow  compres¬ 
sor  stagos  for  more  accurate  flow  prediction.  Primary  emphasis-  w«a  given  to  the  improve¬ 
ment  of  shock  models  used  for  evaluating  the  shock  losses,  especially,  at  supercritical 
subsonic,  but  also  at  supersonic  inflow  conditions.  The  newly  developed  and  refined 
methods  were  verified  by  calculating,  investigating  and  analysing  the  losses  of  compres¬ 
sor  cascades',  as  wall  as  of  a  transonic  axial  flow  compressor.  ', 

•'  \  ' 

LIST  OF  SYMBOLS  !\ 

AHSg  straight  shock  extension  (see  Fig.  13)  f  m 

d*1**1  shock  distance  ahead  of  loading  edge  (see  Fig.  4)j  m  •  '  . 

1  chord  length)  m 

Ma,  H  Mach  number 

r,  leading  edge  radius)  m 

suction  surface  radius  of  1st  blade  element)  m 

straight  distance  measured  between  loading  edge  and  assumed  shock  impingement 
point  on  suction  surface 

8  relative  flow  angle  measured  acute  against  axial  direction)  deg. 

8  local  inclination  angle  of  blade  contour  measured  against  axial  direction;  deg. 

6  difference  angle  of  inclination  in  shock  impingement  point  end  sonic  point)  deg. 

<u  total  pressure  loss  coefficient,  o^(p  j-p  )  /  (p  -p  ) 


Subscripts 


total  condition)  related  to  camber  line 
condition  far  upstream  of  cascade  front)  at  inlet 

indicating'  transition  between  circular,  arc  of  the  loading  edye  and  that  of  the 
suction  surface  • 

related  to  the  bow  shock  . 

intersection  point  of  1st  captured  Mach  wave  and  detached  shock 
emanating- psint  on  auction  surface  of  1st  captured  Mach  wave 
•  assumed  shock  end  point 
incompressible 
critical 

at  the  upper  licit,  i,e.  at  near  sonic  condition 
related  to  the  passage  shock 
concerning  the  shook 
sonie  point 

shock  impingement  point 
total 


INTRODUCTION 


For  aero  yaaturbin-se  transonic  axial  flow  compressors  represent  a  good  compromise  be¬ 
tween  power  concentration  per  stage  on  the  one  hand,  efficiency,  weight  end  si**  on  the 
other  hand.  Fig.  1  show*  a  sketch  t;f  a  typical  transonic  axial  compressor  stage. 

One  of  the  characteristic  features  of  the  flow  in  such  a  compressor  stage  is  the  forma¬ 
tion  of  complicated  3-dim.  shock  fronts,  as  illustrated  in  principle  in  Fig.  J.  Moreover 
-  the  shock  front  considerably  changes  its  extension,  position  and  intensity  depending  on 
the  operating  point,  of  the  compressor.  This  t»  shown  tehsswticly  in  Mg.  3  in  a.f-dlu. 

'  view,  whertfby  the  through  flew  is  characterised  by  mixed  subsonic/ supersonic  flow 
fields.  When  the  operating  point  of  the  compressor  is  shifted  through  the  part  load 
range  towards  full  load  conditions,  the  inflow  conditions  to  and  the  corresponding  flow 
field  around  a  midacoticm  of  the  rotor  blade,  for  instance,  pate  through  all  flow  condi¬ 
tion*  *hwn  in  thi*  Fig.  3  and  in  Fig.  3. 

cue  to  the  complicated  flow  behaviour  in  transonic  compressors  i t  is  difficult  to  analy¬ 
se  these  flaw  fields  and  to  make  Accurate  performance  predictions  at  off -design  condi¬ 
tions.  This  l*  especially  true  for  the  determination  of  tho  shock  losses  at.  supercritical 
inflow  conditions.- Therefore  work  was  undertaken  at  WvtS  in  order  to  derive.  in  proved 
.  methods  for  siwek  lots  prediction  in  the  range  of  supercritical  subsonic,  as  well  as  for 
supersonic  inflow  Mach  numbers,  which  can  be  incorporated  into  performance  prediction 
-methods,  '.  ' 

As  the' matbem.aciosl  treatment  of  the  models  is  Very  lengthy,  only  a  brief  description  of 
their  main  features  end  capabilities  as  well  am  a  comparison  with  experimental  results 
wilt  be  given  below.  For  store  details  the.  interested  reader  is  refered  to  III. 

SNOCK  MOOM,  FOR  SUPERSONIC  INFLOW  CONDITIONS 

For  local  rupersonic  inflow  eond 1 t Iona  a  shock  model  has  bean  adapted  which  was  origi¬ 
nally  davelopcd'by  starkeu  (2 )  for  cascade  flow.  It  it  baaed  on  tbo  work  of  bovine  C3) 
and  Hoeskol  l«l .  .  '■  ■  . 
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In  order  to  incorporate  the  supersonic  shock  loss  model  into  a  performance  prediction 
procedure  Starken's  model  has  been  refined  and  simplified  to  some  extend,  however  the 
basic  ideas  have  been  kept.  This  method  also  serves  as  a  basis  for  the  prediction  of 
shock  losses  at  supercritical  subsonic  inflow  conditions. 

The  method  provides  the  unequivocal  dependency  between  inflow  Mach  number  at  supersonic 
flow,  flow  angle  and  shock  position,  not  only  for  the  unique-incidence-  and  spill  point 
condition,  respectively,  but  also  at  off-design  conditions,  i.e.  for  detached  shock  as 
is  shown  in  Fig.  4.  The  shock  is  separated  into  two  parts,  a  passage  shock  and  a  bow 
wave.  This  method  is  based  on  simple  wave  flow  using  the  Prandtl-Meyer-expansion  as  oth¬ 
er  supersonic  methods  known  from  the  open  literature.  It  delivers  informations  on  the 
location  of  the  sonic  point  on  the  suction  surface,  on  the  1st  captured  Mach  wave,  on 
the  shock  impingement  point  on. the  suction  surface,  on  the  lateral  shook  extension,  on 
the  distance  of  the  shock  wave  ahead  of  the  leading  edge  of  the  neighbouring  blade  and 
on  the  stagnation  streamline  shift  and  finally  enables  to  evaluate  the  shock  loss.  At 
the  moment  depending  on  the  calculation  procedure  used  the  adapted  method  can  be  em¬ 
ployed  at  supersonic  Mach  numbers  above  Moj  i  1.01. 

SHOCK  MODEL  FOR  SUPERCRITICAL  SUBSONIC  INFLOW  CONDITIONS 


Most  current  methods  for  shock  loss  predictions  in  the  supercritical  velocity  range  use 
correlations  or  interpolations.  The  real  local  supersonic  flow  rield  and  the  terminating 
shock  (sea  Fig.  3a,  3b  and  6)  are  not  directly  taken  into  account  in  most  cases,  but 
rather  the  shock  losses  either  are  evaluated  by  correcting  the  profile  losses  for  com¬ 
pressibility  effects  or  are  determined  using  extrapolation  of  thoae  shock  losses,  which 
are  calculated  at  sonic  or  low  supersonic  inflow  conditions  by  the  aid  of  other  methods. 
In  order  to  improve.,  that  unsatisfactory  situation  two  methods  have  beep  developed,  one 
is  called  the  semi-empirical-correlative  model  and  the  second  is  designated  as  the  gas- 
dynamic  model.  Here  the  first  *ua  will  be  primarily  dealt-vith.  Afterwards  the  gasdyna- 
mic  model  will  be  shortly  explained. 

Flow  Hodel 

The  derivation  ^of  a  suitable  flow  model  is  based  on  experimental  results  from  compres¬ 
sor-  and  cascade  investigations.  Detailed  examples  of  which  for  supercritical  inflow 
conditions  can  bo  found  e.g.  in  the  presentation  by  Schreibor  IB). 

The  flow  model  h;u,;t  provide  information*  on 

-  the  actual  critical  Mach  number  corresponding  to  the  refpranco  and  off-design  inlet 
flow  angle  .(see  Fig.  5)  ,'  if  this  shock  loss  shall  bo  determined  individually  matching 
afiy  off-design  operating  point:,- 

-  the  local  supersonic  flow  region  and  its  variations  with  thh inflow  conditions,  l.o. 
the  shift  of  the  sonic  point  and  of  the  shock  impingement  point  along  the.' auction  sur¬ 
face,  the  lateral  extension  -of  the  shock  .across  the  adjacent  blade  Channels,  or-  the 
shape  and  location  of  the  sonic  lino.  •••■'• 

Some  of  those  feature's  are  illustrated  in  Figs.'  3a, b  and  in  Fig.  6..  v  1 
The  flow  within  the  local  supersonic  region  is  characterised  by  loft  and  right  running 
Mach  waves,  which  are  curved  fte  the  local  velocity  am!  the  speed  of  sound  are  varying 
from  paint  to  point.  As  far  as  the  shocks  are  weak,  one  <.«»  aeeume  that  the  flow  field 
in  the  subsonic  region  is  net  influenced  by  the  supersonic  ons.  Hence  the  supersonic  re¬ 
gion  can  bo  ■ rented  independently.  If  the  profile  contour  is  convex,  as  t.g.  for  a 
DCA-hlachi ,  the  left  and  right  running  Raeb  lines  art  expansion  awl  compression  waves, 
respectively,  part  of  the  expansion  waves  are  impinging  on  the  non*  ■  line,  where  they 
are  refit- -ted  as  compression  waves.  Soma  of  the®  are  reaching  the  suction  surface  there*' 
oy  ?-oduo»ng  the  expansion,  other  expansion  and  compression  waves  are  striking  the  devn- 
stream  shock,  because  of  this  flow  behaviour  the  assumption  of  a  frandt.l-Neyer-expah>-. 
sion,.  i.e.  a  simple  wave  Uov,  as  ha*  been  done  for  the  supersonic  shock  model,  is*  only, 
a  coarse  approximation.  This, problem  is  discussed  in  sore  detail  e.g.  for  single  a  tre¬ 
foil*  in  (SI  and  for  cascade  flow  in  | )) . 


Sermineticni  of  the  Critical  Ja cji^Hu&Stjr^Li a  U 

to  'few  oriViear  Kscn  fujSSef  one  earn  assume,  that  the  blade  pressure  distribution  is 
iiwt  to  that  one  for  incoetpressible  flow.  However,  as  It,  general  the  blade  pressure 
distribution  is  unknown,  the  pressure  coefficient  is  determined  depending  on  the  ratio 
of  tin*  maximum  local  velocity  on  Che  blade  contour  and  of  the  inlet  velocity,  assuming 
that  the  maximum  velocity  is  equal  to  the  spend  of  sound.  Therefore* 


r-j 


this  holds  for  the  inoompveselblu  reference  inlet  flow  angle  ft.  t  .  .  is.  Pig.  5)  an 
well  s*  fob  the  gives  actual  inlet  flew  angle  6,  at  of  f-ds*lgftleehilMan,  aa  far  as  the 
maximum  velocity  waa  lB„  is  known.  At  posit ive  Inc idonce  inflow  condition  the  incom¬ 
pressible  maximum  veteesfy  on  the  blade  suction  surface  1*  determined  in  the  same  way 
as  It  is  done  for  the  diffusion  factors  0,  and  OeHi,  i.e.  using  the  veil  known  corre¬ 
lations'll, (,10,11 1.  At  negative  incidence  angles  these  correlation?  ere  valid  only  in  a 
limited  aense,  because  then  the  velocity  distribution  on  the  pressure  side  has  to  be  ob¬ 
served,  too. 


As  it  is  rather  difficult  to  check  the  validity  u(  thia  procedure  for  example  by  steana 
of  numerical  blade-to-bUde  flow  calculations,  SohHeren  pictures  have  been  used  in  or¬ 
der  to  evaluate  the  critical  inflow  conditions,  which  have  bean  obtained  from  cascade 
teets  in  {12  loo  tutor  blade  section**  of  the  DPVLA  030  transonic  axial  compressor  stage. 


27-3 


One  example  is  given  in  Fig.  7  with  an  inlet  ilow  angle  at  high  positive  incidence  (see 
Fig.  5,  too).  Talcing  into  account  the  difficulties  of  the  evaluation  o i  Schlieren  photos 
the  shock  extension  and  the  shock  impact  point,  measured  straight  from  the  blade  leading 
edge,  were  estimated  from  the  numerous  Schlieren  pictures  for  different  test  conditions, 
it  was  assumed  that  these  values  decline  to  zero  as  function  of  inlet  iiach  number  at 
constant  inlet  flow  angle,  each,  when  the  critical  inflow  conditions  .ire  reached.  Before 
the  results  are  discussed,  some  uncertainties  have  to  be  mentioned,  which  exist  for  this 
estimation.  The  intensity,  extension  and  smearing  of  the  shock  depends  on  focussing  the 
Schlieren  optic  and  is  further  influenced  by  the  actual  3-dim.  flo-  .hrough  the  cascade 
wind  tunnel  (wall  boundary  layers,  shock  bending) .  Additionally  the  estimation  is  cer¬ 
tainly  subjectively  conducted  by  the  interpreter. 

Fig.  8  shows  the  dependency  on  the  inlet  Mach  number  of  the  distance  z_s/l  between  the 
blade  leading  edge  and  the  shock  impingement  point,  which  varies  nearly  linearly  with 
constant  inlet  flow  angle.  Concerning  the  distance  measurements  it  should  be  remarked, 
that  in  case  of  high  positive  incidence  angles  problems  arise,  i'  the  shock  shifts  up¬ 
stream  to  the  leading  edge  region. 

Fig.  9  shows  the  extension  A„gs/1  of  the  shock  as  functions  of  the  inle!  Mac!’,  number  and 
the  inlet  flow  angle,  which  vsry  nearly  linearly  with  flow  Mac  .  number.  Of  the  two  quan¬ 
tities  evaluated  from  the  Schlieren  pictures,  Z0„/l  the  latter  is  considered 

to  be  more  reliable.  ” 

Fig.  10  shows  an  inlet  flow  angle-Hach  number  diagram  into  which  the  results  on  the 
critical  inflow  Mach  number  have  been  entered.  The  tendencies  of  both  extrapolations 
agree  quite  well  considering  the  data  scattering.  The  limiting  critical  Mach  number  line 
has  a  strong  gradient  as  function  of  inlet  flow  angle,  especially  at  off-design  condi¬ 
tions. 

These  results  are  now  used  to  check  the  values  for  the  critical  Mach  number  which  can  be 
deduced  from  the  above  mentioned  correlations  for  the  diffusion  factors  and  which  are 
illustrated  i;.  Fig.  10,  too.  As  can  bo  seen  best  agreement  between  correlative  predic¬ 
tion  and  measured  values  tan  be  reached  for  those  rels  :lons  which  correspond  to  the  well 
known  equivalent  diffusion  factor  D  .  This  is  additionally  ascertained  by  the  results 
from  other  cascades,  i.e.  MCA-profiles,  NACA-65  profiles  and  controlled  diffusion 
blades.  Judging  from  these  results  it  seems  that  the  critical  Ha-:h  number  limit  can  be 
obtained  with  sufficient  reliability  from  the  correlative  prediction  method  for  D^, 

Location  of  the  Sonic  Point  on  the  Blade  Surface 

Due  ttTthe  lack  of  sufficiently  accurate  information*  on  the  position  of  the  sonic  point 
resort  has  been  made  to  relevant  investigations  on  single  r.irofoilB  made  by  Thompson  and 
tfilby  (14]  .  Also  using  profiles  which  are  competed  of  circular  arcs  they  deduced  the 
similarity  of  the  velocity  distribution  along  the  suction  surface  with  that  one  of  a 
circular,  cylinder,  whereby  for  the  airofoii  the  sonic  point  can  bo  located  on  the  load¬ 
ing  edge -or  suction  surface  circular  sre. 

For  the  cass  without  angle  of  attack  Fig.  11,  takan  from  114].  illustrates  the  angular 
change  in  position  of  the  sonic  point,  i.e,  ♦  ,  dependent  or.  the  inflow  Mach  number. 
Which  is  related  to  the  inflow  direction  end  Stagnation  point,  respectively.  The  distri¬ 
bution  is  only  approx Imatively  in  particular  consider in.  the  sudden  transition  in  curva¬ 
ture  from  leading  edge  to  suction  surfem  . 

For  the  case-  of  hou-tero  incidence  the  location  of  the  sonic  point  is  determined  firstly 
by  the  location  of  this ;  stagnation  point  itself  and  secondly  by  its  position  relative  to 
the  stagnation  point.  .. 

I?  order  to  circusA’snt  the  difficulties  in  determining  the  stagnation  point  with  varying 
angles  of  attack,  here,  reaert,  is  matte,  that  at  sonic  condition  the  sonic  point  position 
itivlf  is.  known  approximative!,’  from  the  hypersonic  shock  model  for  any  inlet  flow  an¬ 
gle;  which,  is  at  leave  larger  than  that  one  corresponding  “to  the  unique-incidence  condi¬ 
tion.  tty  Out  the  distribution  in  hi.  u  cxn  b?  cavorted  to  a  .clatlvo  quantity  with 
reference  t«  tl-«  sonic  condition.  As  an  example  of  the  cascade  section  nolo-4  at  49 
percent  rotor  blade  height  kite  rest  !.$*..  <>,'  sonic  point  positions,  i.e.  local  inclination 
angle,  of  blade  ftortipu;'  iv„.  at  supercritical  inflow  Mach  number  are  shown  in  the  upper 
part  Cf  .Flg.  12  for,  dlfi’ttjrent  Inlet  flow  angles. 


Determination  of  the  Shock  Extern  o>); 

Based  on  t}W reiul t«  rTtne  evaluation  of  the  SehUere-  pictures,  shown  in  Fig.  *,  the 
following  relation  fee  the  shock  extension  can  be  fomilatedt 


(2) 


As  msntlonsd  be?  are  the  straight  s.iocx  extension  A.m/l  bstwssn  shock  impingement  point 
on  the  suction  surface  end  the  assumed  shock  and  isTionsidst  2d.  this  slepllflcstlw,  is 
justified,  baeau  e  in  all  SchUsiss  observations  the  detached  shock  was  only  marginally 
curved. 

it  should  be  mmtionsd  that,  in  order  Co  gat  an  approximative  solution  for  the  whole 
range  of  flow  renditions  concerned,  the  discontinuity,  which  is  theoretically  produced 
at  Ka.si,  hat  own  eoncious ,y  left  out  of  consideration  by  assuming  the  linear  distribu¬ 
tion. ‘thus  the  upper  limiting  value  of  the  shack  extension  can  be  taken  from  the  lower 
one  of  the  supersonic  shoe-  ridel,  dependent  on  lnlst  flow  angle,  each,  whereas  at  crit¬ 
ical  Mach  numbers  tha  oho.*  extension  is  ssro. 


Evaluating  the  Shock  position 

«w'  determination" of  the  shock  position  is  bated  on  the  experimental  results  of  S-./i , 
shown  in  Fig.  S,  end  again  the  upper  limit  value  is  taken  from  the  supersonic  abottX  mod¬ 
el.  For  known  blade  geometries  tbs  values  of  t^/1  sre  converted  to  the  equivalent  local 


27-4 


inclination  angles  of  the  blade  contour.  These  are  plotted  for  different  inflow  an¬ 

gles  in  the  lower  part  of  Fig,  12.  The  values  are  supplemented  by  additional  data  elabo¬ 
rated  from  blade  pressure  distributions  belonging  to  tests  with  side  wall  suction  {13}. 

In  spite  of  the  data  scattering  a  clear  tendency  can  be  gathered  from  Fig.  12  due  to  the 
numerous  measuring  values.  This  allows  to  establish  a  correlation,  whereby  two  limiting 
conditions  have  to  be  observed.  At  the  critical  Mach  number  limit  the  sonic  point  and 
the  vanishing  shock  impact  point  have  to  coincide*  at  sonic  condition,  i.e.  Ma,  ,  the 
distribution  for  should  pass  over  to  those  values  calculated  by  the  supersonic  shock 
model,  as  these  can°be  directly  evaluated  without  being  based  on  experimental  results. 

For  the  correlation  itself  it  is  more  general  and  appropriate,  to  define  a  relative  an¬ 
gle  8,  relating  the  change  of  the  shock  position  with  inlet  Mach  number  to  the  position 
of  the  sonic  point.  Considering  the  above  mentioned  conditions  and  taking  into  account 
the  experimental  results  for  Bs-  the  relation  for  the  relative  difference  angle  8  is 
composed  of  a  linear  interpolation  term  and  a  superimposed  sinusodinl  variation.  As  men¬ 
tioned  before  the  complete  derivation  and  description  of  the  corresponding  equations  is 
documented  in  (1). 

In  the  lower  part  of  Fig.  12  the  described  correlation  for  the  shook  position  angle  B-„ 
is  plotted  together  with  the  experimental  results  on  which  it  was  based.  It  can  be  seen 
that  a  sufficient  fitting  is  achieved.  A  similar  agreement  has  been  obtained  for  other 
blade  sections  at  68  an  89  percent  blade  height  of  the  rotor  R030.  Thus  an  approximative 
method  is  now  available  for  the  estimation  of  the  change  of  the  shock  position. 

Before  turning  now  to  the  determination  of  the  corresponding  shock  losses  the  discussion 
of  Fig.  12  shall  be  completed.  Two  limiting  values  are  illustrated  in  the  diagram,  i.e. 
®lss  and  fl.-  .  The  blade  contour  angle  Blss-_  characterises  the  transition  point  be- 
tweeS’leading!’«age  and  suction  surface  circalirqarc.  This  angle  is  of  interest  here  for 
estimating  in  particular,  whether  the  sonic  point  lies  on  the  leading  edge  or  on  the 
suction  surface.  The  angle  indicates  the  shook  position  Barest  downstream  possi¬ 

ble,  if  the  shock  extends  ovfir’Core  than  one  blade  channel  and  is  assumed  being  straight, 
perpendicular  on  the  blade  suction  surface  and  tangential  to  the  leading  edge  of  the 
neighbouring  blade.  For  those  measuring  results,  which  lie  below  this  limiting  line  and 
which  represent  flow  conditions  near  subsonic  and  essentially  near  supersonic  choke 
margin,  it  means,  that  oblique  passage  shocks  exist  for  these  test  conditions.  This 
could  also  be  seen  from  the  corresponding  Schlieren  pictures. 

Flow  Conditions  ahead  of  the  Shock  and  Determination  of  the  shock  houses 
After  having  described  how  to  evaluats  the  shock  extension  and  shock  position  it  is  fur¬ 
thermore  necessary  to  specify  the  flow  conditions  ahead  of  the  ahock  for  determining  the 
shook  losses.  For  this  purpose  th«  local  supersonic  flow  region  is  first  treated  as  a 
simple  vavo  flow,  which  can  be  afterwards  corrected  by  considering  the  attenuating  ef¬ 
fects  on  the  supersonic  expansion  caused  by  the  reflection  of  expansion  waves  on  the 
eonic  line. 

in  Fig.  13  the  geometrical  conditions  and  the  corresponding  specifications  are  illus¬ 
trated  as  they  are  subsequently  used. 

Based  on  the  simple  wave  flow  assumption  the  mass  flow  rate  over  the  shook  Is  approxima¬ 
tive^  evaluated  by  calculating  the  mass  flow  over  the  left  running  Mach  wave,  which  ema¬ 
nates  from  point  6  in  Fig.  13  and  which  strikes  the  *ond  iwint*  of  the  shook  II.  Taking 
into  account  the  relations  of  the  Prandtl-Meyer-expanaion  and  the  corresponding  geome¬ 
trical  conditions,  as  shown  in  Fig.  13,  a  system  of  equations  can  bo  established,  by 
which  the  mass  flow  dependent  on  the  Mach  number  H»u  can  bo  determined  iteratively.  The 
corresponding  mathematical  formulation  is  describe <}uin  (1).  Concerning  the  real  flow 
conditions  this  method  is  only  reasonable,  because  the  mass  Clow  rate  over  the  shock  can 
be  estimated  with  sufficient  validity. 

As  the  inlet  isass  flow  for  one  blade  passage  far  upstream  of  the  cascade  front  is  known, 
too,  the  ratio  between  the  mass  flow  passing. over  the  shock  and  the  latter  one  can  be 
calculated. 

it  the  ratio  of  the  mast  flows  is  lover  than  1,  it  can  be  concluded  that  only  a  limited 
passage  shock  exists,  which  according  to  the  shock  model  above  is  assumed  to  be  straight 
and  perpendicular  on  the  suction  surface.  For  the  Mach  number  ahead  of  the  shock  an  ave¬ 
rage  value  la  assumed,  which  is  determined  as  the  aritlmatlc  mean  of  the  Mach  number* 
in  point  M  and  in  the  shock  Impingement  point,  i.e.  Ma-  and  Ha.-,  respectively  (see  Fig. 
13),  The  latter  can  be  calculated  by  the  already  mentioned  correlation  tor  the  euction 
surface  inclination  angle  (L.  using  the  simple  wave  flew  assumption.  Using  this  averaged 
Mach  number  ahead  of  the  shock  the  total  pressure  ratio  and  hence  the  shock  lose  can  be 
calculated.  Because,  as  mentioned  before,  the  mast  flow  passing  over  the  shock  is  lees 
than  the  total  mats  flow  through  the  blade  passage,  *  mast  averaging  ie  applied  to  the 
shock  loss. 

For  the  cate  that  the  ratios  of  the  mass  flows  over  the  shock  and  over  one  blade  passage 
far  upstream  is  larger  than  1  the  chock  is  assumed  to  be  composed  of  a  normal  passage 
shock  and  a  datachad  oblique  shock  or  a  bow  wave,  respectively,  as  is  illustrated  in 
Fig.  14,  As  the  shock  position  and  the  shock  extension  are  prescribed  by  the  above  emo¬ 
tioned  correlations,  the  division  and  consequently  the  shock  losses  are  calculated  for 
the  two  corresponding  parts  independently. 

Ths  division  is  given  by  the  let  captured  Msch  wave,  running  through  points  K  and  C. 
that  mass  flew  rate  which  ie  data  rained  for  on*  blade  posses  far  upstream  of  the  cas¬ 
cade  has  to  pass  over  that  Msch  line  t- C.  In  order  to  fulfill  the  above  mentioned  mats 
flow  condition  the  point*  •  on  the  auction  surface  sod  the  intersection  point  C  with  the 
ahock,  suchlike  with  ths  stagnation  streamline,  has  to  b*  evaluated  iteratively  depend¬ 
ing  on  the  Mach  number  M*t,  The  equation*  tat  up  for  thl*  procedure  are  omitted  here  and 
esn  be  found  in  (1). 

The  shock  lose  caused  by  the  passage  shock  part  la  determined  afterwards  in  the  sees  way 
as  described  above. 


Bow  Shock 

For  the  determination  of  the  flow  conditions  ahead  of  and  over  the  bow  shock  part  the 
already  mentioned  model  of  Hoeckel  [4],  which  is  used  in  Starken's  method  (2) ,  too,  is 
applied  in  a  similar,  however  simplified  way. 

like  in  these  references  it  is  assumed  that  the  bow  wave  is  described  by  a  hyperbola, 

whose  apex  is  located  in  point  C  (see  Fig.  14)  ,  and  that  constant  flow  conditions  exist 

ahead  of  the  bow  wave,  which  correspond  to  those  in  point  C.  Then,  as  is  illustrated  in 
Fig.  14,  the  axis  of  the  hyperbola  has  the  direction  of  the  flow  angle  in  point  C,  i.e. 
Bg,  and  a  kink  can  be  observed  in  point  C  for  the  shock.  The  asymptote  of  the  hyperbola 
is  determined  by  the  1st  captured  Mach  wave,  i.e.  Ma_. 

Fig.  14  shows  also,  that  on  the  left  running  branch  of  the  hyperbola  the  point  S  is  lo¬ 

cated,  which  is  a  projection  of  the  above  mentioned  point  H,  which  itself  is  used  to  de¬ 
termine  the  straight  shock  extension  A„ss.  Considering  the  above  mentioned  constant  flow 
conditions  ahead  of  the  bow  wave,  it  iB°5ssumed  here  that  in  point  S  the  inlet  Mach  num¬ 
ber  MaE  is  decelerated  to  sonic  condition  over  the  oblique  shock.  Based  on  that  it  is 
further  assumed  that  the  total  pressure  losses  over  the  bow  shock  beyond  point  S  are 
marginal. 

As  a  simplification  to  Starken's  and  Moeckel's  models  [2,4)  the  shock  distance  ahead  of 
the  blade  leading  edge,  the  distance  C-8  and  the  stagnation  streamline  shift  Ay  (see 
Fig.  14)  are  indirectly  prescribed  by  the  shock  position  angle  the  shock  extension, 

as  well  as  by  the  conditions  along  the  1st  captured  Mach  wave,  which  has  been  determined 
before  independently  from  the  bow  shock  model. 

Based  on  the  afore  mentioned  assumptions  and  conditions  and  taking  into  account  the  re¬ 
lations  for  the  oblique  shock  near  sonic  conditions  the  geometric  function  of  the  hyper¬ 
bola,  the  mass  flow  rate  and  the  flow  conditions  over  the  bow  shock  can  be  approximately 
determined.  As  with  the  supersonic  shock  model  it  is  assumed  that  the  total  pressure  ra¬ 
tio  over  the  bow  shock  is  represented  by  that  one  along  a  representative  mean  stream¬ 
line.  As  is  described  in  [4)  this  one  is  determined  by  the  condition  y*M=y,'c/2  lor  the 
2-dim.  case.  " 

If  the  mass  flow  rate  over  the  bow  shock  is  larger  than  the  inlet  mass  flow  correspond¬ 
ing  to  one  blade  passage,  the  total  pressure  ratio  calculated  before  is  assumed  to  be 
approximately  representative  for  the  whole  bow  shook.  However  in  case,  if  the  mass  flow 
rate  over  the  bow  shock  is  less,  a  mass  averaging  is  applied  to  the  total  pressure  ra¬ 
tio. 

After  having  determined  the  individual  losses  associated  with  the  two  parta  of  the  stock 
wave,  i.e.  the  passage  shock  and  the  bow  wave,  their  addition  yields  the  total  pressure 
loss  of  the  whole  shock  front. 


Possibility  for  Taking  into  Account  the  Influence  of  Real  Flow  Effects  on  the  Supersonic 
Flow  Region 

RtThas ' been  discussed  above  and  as  is  illustrated  in  Fig.  6  the  local  supersonic  region 
and,  also,  the  flow  acceleration  along  the  suction  surface  is  Influenced  by  thn  compres¬ 
sion  waves  coming  from  the  sonic  line.  By  this  interfering  effect  the  above  described 
simplified  evaluation  become*  more  complicated.  However,  in  principle  and  at  least  the 
attenuating  effect  on  the  supersonic  expansion  along  the  suction  surface  can  be  token 
into  account  in  the  following  way. 

Based  on  blade  pressure  distributions  of  cascade*  with  transonic  inflow  conditions  Fott- 
ner  in  (7l  developed  a  method  in  order  to  estimate  the  attenuation  of  the  supersonic  ex¬ 
pansion,  whereby  monotonous  accelerations  up  to  the  terminating  shock  were  considered. 
The  correlation  describes  the  local  values  of  actual  velocity  and  the  static  blade  pres¬ 
sure,  respectively,  along  the  blade  suction  surface.  The  relative  geometrical  difference 
angle,  i.e.  the  angle  between  sonic  point  and  the  actual  point  considered,  is  related  to 
the  corresponding  Pvandt l "Meyer -angle,  which  is  determined  by  the  local  flow  condition. 
Incorporating  the  associate  correction  function  of  Fottner  [7)  into  the  present  calcula¬ 
tion  procedure  lower  values  for  the  Interesting  flow  Mach  numbers  are  calculated  for  all 
cases  considered,  i.e.  for  Mass,  Maa,  an  well  as  for  Ka_.  Also  the  position  of  the  char¬ 
acteristic  points  6,  K  and  e  are  affected,  whereas  the  shock  position  and  the  shock  ex¬ 
tension  remain  unchanged,  The  use  of  this  correction  results  in  shock  losses  which  are 
considerably  lower  than  with  the  simple  wave  assumption. 


oasdyhamu-  somesmt'Ai,  shock  kgobl 


Since  all  correlative  methods  suffer  from  a  limited  range  of  application  and  in  order  to 
check  the  calculated  different  amounts  mentioned  just  before,  a  second  method  has  been 
developed  which  makes  use  of  gasdynamie  laws  as  far  as  possible.  Therefore  it  should  be 
more  generally  valid,  only  the  main  differences  compared  to  the  correlative  method  de¬ 
scribed  above  are  given  below,  for  further  informations  see  til. 

the  only  prerequisite  which  is  postulated  for  the  yasdynamic  model  is  the  validity  of 
the  linear  dependence  of  the  mass  flow  over  the  shock  on  the  inlet  Mach  number,  which 
had  been  worked  out  in  the  correlative  model. 

Considering  conservation  of  mass  flow  the  shock  Is  fitted  in  the  flow  field,  such  that 
the  Shock  position  can  be  calculated.  The  terminating  shock  is  assumed  to  be  always 
straight  end  perpendicular  on  the  blade  suction  surface.  Contrary  to  the  correlative 
model  eohio  condition  ie  considered  in  the  end  point  of  the  shock.  Furthermore  for  eval¬ 
uating  the  flow  field  ahead  of  the  shock  «  linear  distribution  of  the  flow  direction  be¬ 
tween  the  shock  Impingement  point  and  the  shock  end  point  is  assumed,  in  order  to  con- 
aider  the  interference  of  expansion  and  compression  waves  the  Mach  number  distribution 
is  approximated  by  an  expansion  curve,  which  is  siMlisf  ro  an  epicycloid. 

The  whole  calculation  of  the  shock  must  be  done  iteratively  end  ie  includes  also  the  at- 
teouatiag  effect. 


CALCULATION  RESULTS 


Fig.  15  illustrates  the  order  of  magnitude  of  shock  losses,  which  can  be  calculated  with 
the  new  correlative  model  for  a  cascade  section  at  45  percent  blade  height  of  the  tran¬ 
sonic  rotor  R030.  The  results  are  plotted  as  a  function  of  inlet  Mach  number  Ha.  and  the 
inflow  angle  8..  In  order  to  get  a  smooth  transition  to  the  supersonic  shock  losses  the 
supercritical  Shock  losses  have  been  calculated  in  this  particular  example  without  con¬ 
sidering  the  attenuation  of  the  supersonic  expansion,  i.e.  using  the  simple  wave  assump¬ 
tion.  As  consequence,  the  calculated  losses  may  be  somewhat  higher  than  in  reality, 
however  the  relative  partition  of  the  total  shock  losses  between  the  individual  contri¬ 
butions  of  the  passage  shock  and  the  bow  wave  are  retained.  The  latter  two  parts  of  the 
shock  losses  are  plotted  in  the  middle  and  the  upper  diagram  of  Fig.  15,  the  total  shock 
loss  is  given  in  the  lowest  diagram. 

Fig.  15  generally  illustrates  that  the  total  shock  loss  as  well  as  the  two  individual 
contributions  increase  with  increasing  inflow  angle  3, .  Furthermore,  contrary  to  methods 
in  current  use,  e.g.  for  the  supercritical  range  the  correlation  of  Jansen,  Moffat  tl5] 
and  for  the  supersonic  range  of  Miller,  Lewis,  Hartmann  (17),  it  can  be  seen  that  the 
losses  associated  with  the  bow  shock  are  not  marginal.  This  holds  particularly  for  high¬ 
ly  positive  inflow  angles  at  high  subsonic  and  supersonic  Mach  numbers.  However,  as  the 
shock  extension  reduces  to  less  than  one  blade  passage,  the  shock  loss  fraction  of  the 
bow  wave  tends  to  zero.  As  this  example  shows,  the  Mach  number  range,  over  which  only  a 
limited  passage  shock  exists,  is  rather  large. 

COMPARISON  BETWEEN  SHOCK  LOSS  PREDICTIONS  AND  EXPERIMENTAL  RESULTS 

Using  again  the  cascade  section  at  45  percent  blade  height  of  the  transonic  rotor  AO 30 
as  an  example,  the  total  ahock.  losses  which  can  be  calculated  with  the  correlative  model 
are  compared  with  experimental  results.  Additionally  these  results  are  compared  with 
loss  predictions  obtained  with  methods  currently  in  use  for  axial  compressor  performance 
prediction  (15,161. 

The  above  mentioned  cascade  was  the  only  one,  for  which  sufficiently  accurate  experimen¬ 
tal  shock  loss  evaluations  were  available  in  the  transonic  flow  regime,  i.e,  from  about 
critical  inlet  Mach  number  up  to  the  design  inlet  Mach  number  of  1.09. 

The  measured  cascade  losses  as  well  as  the  shock  losses  of  this  cascade  have  been  ob¬ 
tained  by  Schreiber  (12,13),  alao  they  are  discuesed  in  his  paper  (51  for  this  meeting, 
together  with  the  method  of  separating  the  shock  losses  from  the  total  losses  measured. 

Fig.  16  illustrates  the  comparison  between  calculated  and  measured  shock  losses  depen¬ 
dent  on  the  upstream  Mach  number  Ma<  for  three  inflow  angles  fl.«S7,60  and  63°,  which 
nearly  range  form  unique  incidence. to  positive  blade  stall  (compare  again  Fig.  S) .  The 
experimental  results  achieved  with  side  wall  suction  (13)  and  those  without  side  wall 
suction  (123  are  characterised  by  the  full  and  the  open  symbols,  respectively.  Tho  cal¬ 
culated  results  with  the  now  correlative  shock  model  for  supercritical  Inflow  condition 
and  those  for  tho  adapted  supersonic  model  are  indicated  by  the  thin  and  thick  drawn 
line*  respectively. 

As  can  be  seen  from  Fig.  16  the  agreement  between  the  shock  losses  evaluated  -with  the 
correlative  supercritical  model  and  with  the  supersonic  model-  and  those  experimentally 
analysed  is  quite  satisfying.  As  can  be  further  observed  in  Pig.  It  -in  tho  lower  diagrem- 
at  high  positive  inflow  direction,  I.e.  for  8. *61  ,  the  shock  losses  evaluated  from  the 
measurements  lie  above  the  distribution  of  the  calculated  ones.  That  holds  true  for  the 
supercritical  as  well  as  for  the  supersonic  range.  A  probable  cause  for  this  observation 
is  that  in  this  case  noticeable  losses  occur,  which  are  Induced  by  boundary  layer  sepa¬ 
ration,  such  that  it  is  made  difficult  to  separate  the  shock  losses  by  the  experimental 
evaluation  method  used  113)- 

The  dashed  Una  in  Fig.  16  indicates  the  shock  losses  which  are  calculated  using  the 
correlation  of  Jansen,  Moffat  (18).  One  can  see  that  for  All  three  inlet  flow  angles 
this  correlation  underpredicta  the  shock  losses.  This  holds  also  in  the  range  of  super¬ 
sonic  inlet  Mach  numbers  for  the  method  of  Miller,  lewis,  Hartmann  (17),  the  results  of 
which  are  Indicated  by  the  connected  triangular  symbols.  The  latter  method  is  also  often 
used  m  compressor  performance  predictions,  a.u.  (16).  Particularly  for  high  Inlet  flow 
angles  3,>60  this  underestimation  becomes  significant. 

A  similarly  satisfying,  or  even  better  agreement  as  mentioned  above  between  calculated 
end  experimentally  ansi yeed  shock  losses  is  obtained  with  the  gasdynemls  supercritical 
method.  Discussing  these  result#  in  detail  would  go  beyond  the  scope  of  this  paper,  how¬ 
ever  the  comparison  is  documented  in  Ui. 

COKCLU510K 

A  new  shock  loss  model  wet  presented,  which  he*  bean  developed  for  the  purpose  of  otf- 
deetgn  performance  prediction  of  transonic  axial  flow  compressors.  This  method  enables 
to  eslsulst*  the  losses  associated  with  shock  waves  as  well  as  to  determine  qualitative¬ 
ly  the  ahock  position  at  flow  conditions  to  blada  elements  ranging  from  unique-incidence 
up  to  stall  inflow  direction  with  subsonic  axial  and  relative  supersonic  or  particularly 
supercritical  velocities,  in  this  context  empirical  correlations  for  prediction  of  ref¬ 
erence  and  off-dealgn  critical  inflow  Mach  numbers  have  been  proved  by  comparison  with 
cascade  result*,  in  e  firtt  step  at  flow  conditions  with  relative  supersonic  velocities 
a  method,  which  allow*  to  evaluate  shock  lot***  for  unique-incidence  condition  and  for 
detached  shock  waves,  has  been  adapted  to  off-dealgn  performance  calculation*  in  com¬ 
pressors.  the  shock*  ere  composed  of  a  normal  peesag*  shock  and  a  bow  shock,  based  on 
rasuits  of  this  method  at  sonic  inflow  condition*  and  starting  from  experimental  result* 
in  cascades  a  correlative  model  has  been  developed  which  cen  predict  the  shock  losses  in 
the  M*cb  number  range  between  critical  and  tonic  conditions  depending  on  inflow  disme- 
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tion.  It  takas  into  account  the  variation  of  the  sonic  point  on  the  blade  surface,  the 
shock  position  and  shock  extension.  The  method  has  been  proved  by  cascade  results  and 
has  been  incorporated  into  a  loss  prediction  procedure  of  off-design  calculation  methods. 
Furthermore  the  new  correlative  shock  model  has  been  supplemented  by  a  second  model, 
which  is  based  on  gasdynamic  considerations  and  which  can  be  used  more  generally. 
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FIGURES 

Fig.  It  Sketch  of  a  transonic  axial  flow  compressor 


Fig.  2i  Complex  flow 
phenomena  in 
compressors 
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Fig.) i  Flow  pattern  of  a  transonic  e'^&preaeor  blade  section  at 
supercritical  sohaohic  and  supersonic  Inflow  conditions 
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Fig.  4  s  Flow  model  used  for 

detached  bow  wave  and 
shifting  of  chock,  of 
1st  captured  Mach  wave 
and  of  stagnation 


streamline  at  and  apart 
from  unique-incidence 
condition  for  Starken’s 
supersonic  shock  model 


upstream  flow  angle  I°J  position  of  shock  impingement-  point  ^s/t 
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interpretation  of  ichlieren  pictures 


Fig.  8:  Straight  measured  distance  2SS/1 
between  blade  leading  edge  and 
assumed  shock  impingement  point 
on  the  suction  surface  evaluated 
from  Schlieren  pictures  at 
supercritical  flow  conditions 
for  the  cascade  section  R030-4 


of  ttMttrtn  pi(turti 


Fig.  9:  Shock  extension  AHsg/l 

evaluated  from  Schlieren 
pictures  at  supercritical 
flow  conditions  for  the 
cascada  section  R03C-4 
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Fig.  1 0 i  Limiting  curve  for  the  critical 
Mach  number  and  the  evaluation 
of  the  conditions  A((sg/l«0 
a. id  Zgg/lwO  as  function  of 
upstream  flow  angle  for  tho 
cascade  section  R030-4 
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Fig.  Ui  Sketch  of  the  correlative 

supercritical  shock  «odei  end 
dencription#  for  deterisioing 
the  Hech  wove  u-H,  used  to 
estiaate  the  nans  flow  rate 
over  the  shook,  and  the  1st 
captured  Ha eh  wave  e-C,  if 
the  shook  extends  beyond  ono 
blade  passage 
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Fig.  16 i  Comparison  of  total  shock 
loss  coefficient  analysed 
from  cascade  measurements 
and  calculated  using 
current  methods  as  well  as 
with  the  correlative 
supercritical  shock  model 
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DISCUSSION 

PJUmette,  Fr 

For  your  flow  model,  shown  in  Figure  4  of  your  paper,  one  can  see  a  shift  of  shock  waves  and  stagnation  streamline 
depending  oa  whether  the  downstream  pressure  P2  is  optimum  or  larger  than  optimum,  for  off  design  condition.  There 
is  a  shift  for  the  stagnation  streamline,  but  not  for  the  stagnation  point.  How  do  you  explain  that  the  stagnation  point  is 
not  shifted,  and  what  are  your  assumptions  for  this  stagnation  point? 

Author's  Reply 

Figure  4  is  a  sketch  illustrating  the  main  features  of  the  supersonic  shock  model.  Looking  closer  to  it,  a  marginal  shift  of 
stagnation  point  is  indicated.  However  the  stagnation  point  is  not  considered  in  the  method,  but  only  the  intersection  of 
the  1st  captured  Mach  wave  and  of  the  shock,  suchlike  of  the  stagnation  streamline,  is  considered,  i.e.  points  C  and  C'in 
Figure  4.  Point  C  divides  the  shock  into  a  passage  shock  fraction  and  a  bow  wave  fraction.  Point  C  is  determined  taking 
into  account  the  conditions  for  the  1st  captured  Mach  wave  and  the  distance  of  the  bow  wave  ahead  of  the  blade  leading 
edge,  as  indicated  in  the  upper  part  of  Figure  4,  as  well  as  the  stagnation  streamline  shift,  if  the  back  pressure  is  larger 
than  optimal.  For  determining  the  distance  of  the  shock,  i.e.  of  the  bow  wave,  ahead  of  the  blade  an  adaptation  of 
Mocckel’s  method  (4)  is  used.  Moeckel’s  model  has  been  developed  for  single  symmetrical  bodies. 


PJUmette,  Fr 

But  your  profiles  are  asymmetrical 


Author's  Reply 

Beyond  point  C  only  the  left  running  branch  of  the  bow  wave  is  considered  taking  into  account  the  blade  leading  edge 
and  the  suction  surface  circular  arcs,  only,  and  treating  that  as  a  symmetrical  aerofoil.  As  has  been  shown  by  Starken 
(2),  Moeckel's  bow  shock  model  has  proved  on  acceptable  approximation  for  the  cascade  case. 
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COMPARISON  BETWEEN  INVERSE  DESIGNED  (PVD)  AIRFOILS  AND  STANDARD  SERIES 


AIRFOILS  FOR  HIGH  LOADED  AXIAL  TURBINE  N02ZLE  APPLICATION 


by 

M.  Horsmann  and  M.  Schmidt 
KHD-Luf tfahrttechnik  GmbH 
Hohemarkstr.  $0-70 
D-6370  Oberursel  1,  Germany 


Summary 

Guide  vane  profiles  with  transonic  flow  regions  in  the  flow  field  have  been  developed  for 
a  high  loaded  one  stage  axial  turbine.  The  profiles  wore  designed  in  two  different  wsyai 
first,  using  standard  design  techniques  and  second,  u„ing  an  inverse  design  method,  where 
the  profile  shape  is  computed  from  prescribed  velocity  distributions  (PVD). 

The  results  of  both  design  methods  will  be  presented.  Comparison  is  made  by  using  another 
computer  program  system  to  calculate  the  velocity  distributions  in  tha  flow  field,  the 
boundary  layer  parameters,  and  the  profile  losses. 

The  computed  results  of  our  first  application  of  an  inverse  design  method  on  axial  turbine 
guide  vanes  show  that  improvements  can  be  made. 


Nomenclature 


a*  critical  sonic  velocity 

c  absolute  velocity 

c*  Laval  number  c/a* 

L  chord  length 

L#k  axial  width  of  cascade 

p  static  pressure 

R  radial  coordinate 

s  arc  length  along  streamlines 

t  cascade  gap,  pitch 

U  circumferential  direction 

X,V  blade  coordinate  ayecem 

7  axial  direction 


P  flow  angle 

f#  etagger  angle 

e{  displacement  thickness 
u  loss  coefficient 

Subscripts 

L£  leading  edge 

PS  pressure  side 

SS  euctlon  tide 

TE  trslllng  edge 

t  total 

1,2  upstream  end  downstream  station 


1.  Introduction 

For  reasons  of  power  concentration  the  mast  flow  through  eodern  turbomachine*  la  Increased 
This  leads  to  high  through-flow  velocities  with  the  occurence  of  local  supersonic  regions. 
When  returning  from  supersonic  to  subsonic  velocities,  aback#  will  he  present  which  a ay 
cam#  separation  of  the  boundary  layer  and  therefore  high  lessee.  With  a  careful  hleda 
profile  design  it  la  possible  to  avoid  or  at  least  rsduoe  the  Intensity  of  the  shocks  and 
therefor#  lower  leases  will  result. 

With  tha  conventional  design  of  turblna  cascades  the  profile  ahspes  are  computed  by  means 
of  a  profila  systematic.  A  desired  local  influenea  on  the  blade  shape  to  avoid  shocks  la 
not  possible  directly,  but  has  to  be  checked  in  an  Irsratlve  proctss  with  a  blsds-to-blade 
calculation.  As  there  are  several  parameters  In  the  profile  systematic  to  Influence  the 
bled*  shape  this  can  b#  quite  an  expenditure  of  work.  Using  the  inverse  design  method  by 
Schmidt  1*1  the  profile  shape  la  computed  from  a  prescribed  velocity  distribution  around 
tha  unknown  profila,  Tha  velocity  distribution  has  to  b«  altered  until  an  appropriate 
blade  shape  it  received. 

In  the  paper  presented  torn*  result*  of  the  design  of  gulda  vane  profila#  using  the*#  two 
method*  are  compared  an  discussed. 


2,  Aerodynamic  deal an 

2,1  definition  of  cascade  Momstrv 

Tha  upstream  and  downstream  flow  conditions  and  vector  diagram!  for  tha  gulda  vans  pro¬ 
file!  to  be  dealgned,  result  from  tha  given  mass-flow,  speed  and  possible  geometric  con¬ 
straints.  Flow  angles  ft  and  ft  and  upstream  Laval  number  «t*  (see  Fig.l)  are  conetdarad 
conatant  along  tha  blade  height.  Aaaualng  a  constant  pressure  and  temperature  distribution 
an  aliaoat  linear  velocity  distribution  t»*  will  result,  i.e,  transonic  velocity  at  tha 
hub  and  a  high  sub  tonic  velocity  at  tha  shroud. 
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2.2  Meridional  plane 

To  achieve  che  necessary  circumferential  velocity  com¬ 
ponent  at  the  required  downstream  vector  diagram,  a 
decreasing  channel  height  has  to  be  realised  resul¬ 
ting  in  a  rapid  axial  acceleration.  For  simple  boun¬ 
dary  conditions  a  linear  shroud  contour  between  lea¬ 
ding  and  trailing  edge  of  the' blade  is  assumed.  Mien 
referenced  to  hub,  mid-span  or- shroud  cross-sections 
in  Figure  2,  we  should  understand  developed  cylindri¬ 
cal  cross-sections  at  these  positions. 


3.  Comparison  of  conventional  and  inverse  design 

3.1  Conventionally  designed  profile  cross-sections 

When  conventionally  designed  rhe  profile  cross-sec¬ 
tions  are  calculated  from  a  few  characteristic  pro¬ 
file  data  such  as  camber.,  maximum  thickness,  posi¬ 
tion  of  maximum  camber  and  thickness,  etc. 

An  analytical  superposition  of  computed  catrberline 
and  thickness-distribution  leads  to  the  profile 
shape.  In  the  program  then  the  geometric  throat  con¬ 
ditions,  spacing  and  angle,  are  estimated  for  seve¬ 
ral  stagger  angles.  Variing  the  throat  conditions 
for  each  stagger  angle,  the  downstream  conditions, 
angle,  velocity  and  pressure  lois  can  be  calculated 
(Refs.  If  the  desired  downstream  vector 

is  prescribed  the  stagger  necessary  can  bo  inter¬ 
polated.  Figure  3  shows  the  resulting  profile 
cross-sections  of  hub,  mid-span  and  shroud.  Eithor 
by  an  expensive  experiment  or  using  a  blade-to-b'.ade 
calculation  the  velocity  distribution  and  boundary 
layer  development  can  bo  checked.  If  the  results  are 
not  satisfactory  the  design  procedure  might  have 
to  be  repeated. 


3.2  Profile  desittn  with  an  inverse-  design  method 

The  above  mentioned  iterative  and  time  consuming 
method  fur  high  loaded  cascades  may  be  replaced  by 
an  inverse  profile  design  method.  Using  this  method 
not  only  upstream  and  downstreae  conditions  but  also 
the  velocity  distributions  along  suction  and  pressure 
side  are  to  be  prescribed.  Doing  this,  that  profile 
shape  wilt  be  calculated,  which  should  show  the 
given  velocity  distributions. 
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3.2.1  Prescribed  velocity  distribution 

Solving  the  inverse  problem  a  computer  program 
was  used  that  had  been  developed  in  a  PVV  spon¬ 
sored  research  program  (»,Jl  .  The  calculation 
algorithm  needs  the  prescription  of  the  Laval- 
number  distribution  along  the  stagnation  stream¬ 
lines  and  suction-  and  pressure-sides  of  the 
still  unknown  flow  channel  between  two  blades. 

The  Figure  4b  shows  such  a  prescribed  velocity 
distribution  for  the  mid-span  profile.  There  is 
a  reetduel  circulation  downstream  of  the  blade 
corresponding  to  a  part  of  the  necessary  turning. 

the  shapes  for  the  preset ipt ions  of  the  velocity 
distributions  along  hub  and  shroud  look  similar 
and  »rt>  shown  in  Fig.  4e  and  Fig,  4*  respectively. 
The  suction  velocity  st  the  hub  exceeds  sonic 
speed  st  about  mid-chord,  and  downstream  velocity 
Is  supersonic  as  wanted  from  the  aerodynamic  de¬ 
sign.  At  midspan  and  shroud  the  whole  suction 
velocity  is  subsonic.  At  the  front  stagnation 
points  the  prescribed  velocities  cannot  be  re¬ 
duced  to  sero.  since  the  numerical  method  does 
not  permit  this  singular  pint.  At  the  rear 
atsgnstlon  points  the  problem  does  not  appear, 
since  they  do  not  exist  physically  owing  to  the 
wake. 


Fit.  3 >  Standard  da signed  prof ilea 


After  smoothing  the  resulting  contour,  vhich  is 
sometimes  necessary  near  the  stagnation  point 
and  adjusting  a  trailing  edge  rounding  to  the 
profile  the  cross-sections  shown  in  Fig.  6 
were  obtained.  The  hub,  mid-span  and  shroud 
profiles  were  computed  using  the  inverse  de¬ 
sign  method,  the  others  were  obtained  by  an 
interpolation  procedure. 


3.3  Analytical  calculations 


For  an  analytical  calculation  of  the  cascade 
flow  a  FFEK-program  system  16)  is  at  our  dis¬ 
posal.  This  computer  program  has  also  been  de¬ 
veloped  in  the  mentioned  FVV  sponsored  research 
program.  With  the  program  system  called  NEUTRAK 
the  two-dimensional,  inviscid,  irrotational 
steady  state  flow  in  axial  cascades  is  compu¬ 
ted.  Local  supersonic  regions  are  allowed,  but 
upstream  and  downstream  conditions  have  t:o  be 
subsonic.  Due  to  the  last  restriction  it  is 
not  possible  to  calculate  the  flow  at  the  hub 
cross-section,  as  downstream  conditions  are 
not  subsonic.  The  comparison  of  the  two  bla¬ 
dings  will  be  made  only  for  the  mid-span  pro¬ 
files,  as  the  expenditure  of  computing  time 
for  all  cross-sections  would  be  rather  high. 


With  the  data  of  the  metal  profile  as  input  to  the  NKUTRAK-program  the  potential  flow 
around  the  profile  is  calculated.  Using  the  resulting  velocity  distribution  in  a  boundary 
layer  calculation  procedure  <in  the  linked  program  GRENZ)  the  displacement-thicknesses  at 
suction  and  pressure  side  can  bo  estimated  and  superponod  to  the  profile.  A  new  potential 
flow  calculation  with  the  data  of  the  thus  thickened  profile  leads  to  the  Lnviscld  velo¬ 
city  distribution  around  the  given  profile.  By  means  of  boundary- layer  parameters  as  well 
as  Interpolated  trailing  edge  velocity  and  flow  angles,  viscous  downstream  conditions  are, 
calculated  In  the  program  MACULA,  about  two  pitches  behind  the  trailing  edge.  Additionally 
a  loss  coefficient  la  calculated  defined  tor  turbine  flows  as  follows) 


St  »  - i. 

*>t2  * 


Fig.  ?  shove  the  calculated  velocity  (Lavs),- 
ouaber)  dlatributtmis  for  suction  i»nd  pres- 
sure  eide  of  the  conventional  blade  profile 
design.  The  stagnation  paint  does  not  coin¬ 
cide  with  the  grid  point  F/i  «  9,  but  U 
located  at  about  St  on  the  pressure  aide 
distance.  The  intersection  of  the  velocities 
at  the  profile  end  indicates  that  the  flow 
angle  required  and  used  for  the  calculation 
ta  not  realised  exactly. 


In  Fig.  8  the  corresponding  velocity  dis¬ 
tribution  for  the  Inverse  blade  profile 
design  Is  shewn.  Additionally  co«se  point* 
of  the  prescribed  velocity  distribution 
are  shown,  A  fairly  good  agreement  between 
prescribed  and  calculated  velocity  distri¬ 
bution  with  a  turn,  difference  of  5t  can  be 
stated. 


the  calculated  boundary  layer  displacement 
thicknesac*  of  both  the  conventional  and 
the  inverse  profile  design  are  shown  in 
Pig.  b  and  Fig.  Id,  respectively.  In  the 
area  of  transition  point  laninar- turbulent 
the  development  of  the  displacement  thick- 
seas  la  swsothed  by  a  four  point  spline 
algorithm  to  receive  a  steady  contour 
ship*  when  superposing  the  displacement 
thickness  to  the  natal  contour. 


Turbulent  boundary  layer  separation  doe* 
not  occur  on  both  profile*  at  the  calcula¬ 
ted  design  point.  At  other  configuration* 


Fie.  ?!  Calculated  Laval -number  distribution* 
for  the  conventional  blade  design 


Fig.  At  Calculated  and  prescribed  (e)  Laval- 
cumbers  for  the  inverse  blade  design 
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FIr.  9:  Displacement  thicknesses  Fig.  lOi  Displacement  thicknesses 

conventional  blade  design  inverse  blade  design 

or  at  off-design  where  separation  may  occur,  the  development  of  the  boundary  layer  down¬ 
stream  of  the  separation  point  is  calculated  by  using  a  half-empirical  separation  model 
by  Fottnor  (71  and  Grahl  (al  .  From  the  downstream  calculations  with  the  program  NACHLA 
the  following  values  for  the  loss  coefficient  result  (Fig. 11). 

For  the  inverse  designed  profile  the  calcula¬ 
ted  loss  coefficient  at  the  design  point  is 
about  261  lower  than  for  the  conventional 
profile  design. 


4.  Results  and  conelualona 

Comparing  the  calculated  velocity  distribu¬ 
tions  it  is  obvious  that  the  conventional 
design  has  a  higher  loading  than  the  inverse 
profile  near  the  leading  edge.  The  higher 
loading  causes  higher  losses  at  off-design 
with  positive  incidence  as  can  be  seen  in 
Fig. 11.  In  the  case  of  negative  incidence 
the  loss  behaviour  of  the  conventional  pro¬ 
file  is  slightly  better  than  chat  of  the  in* 
verse  one.  hut  on  a  higher  level.  Altogether  Fig,  lit  Calculated  loss  coefficients 
it  seems  that  the  gain  in  loss  behaviour 

of  the  inverse  designed  profile  has  to  be  paid  by  a  somewhat  smaller  working  range,  com¬ 
pared  to  that  of  the  conventional  designed  one. 

It  has  to  be  mentioned  that  the  loss  coefficient  calculations  have  been  done  at  the  plane 
two  axial  chord  lenghts  downstream  of  the  trailing  edge  of  the  cascade  (see  Fig.  1!. 
Fsperinental  values  often  are  lower  because  they  are  estimated  Just  behind  the  trailing 
edge  where  the  flow  Is  not  yet  wised  out. 

The  downstream  calculation  posUian  is  very  Invariant  for  the  flow  angle  calculation  too. 

Far  behind  (two  axial  chord  lengths)  the  trailing  edge,  in  the  case  of  the  inverse  profile 
one  computes  far  the  downstream  flow  angle  #«  «  JJ.gn  whereas  for  the  conventional  profile 
one  gets  S»  »  fb.S'*.  The  calculations  in  the  trailing  edge  plane  however,  yield  for  the 
inverse  profile  *  3S.8"J  and  for  the  conventional  profile  *,»*  »  21. 4».  This  surpri* 
sing  result  can  se  explained  by  the  fact  that  the  difference  In  give  trailing  edge  veloci¬ 
ties  between  suction  and  pressure  side  is  positive  in  the  case  of  the  inverse  design  (Fig. 9) 
but  U  is  negative  in  the  conventional  case  (Fig.)).  In  the  first  esse  this  leads  to  an 
additional  positive  turning  in  the  downstream  mixing  region  and  in  the  second  case  to  a 
negative  turning  respectively. 

Snooariaing  it  can  be  stated  shat  improvements  can  be  made  by  Mane  of  the  Inverse  profile 
design  but  the  Mthed  is  rather  tine  consuming  at  the  present.  Thus  an  Inverse  design  is 
only  justified  exceptionally  causing  therefore  the  lack  of  experience  using  this  nethnd* 
Potential  for  optimising  the  inverse  design  procedure  is  expected.  Hodifylhg  the  conven¬ 
tional  caober-syateaatlc  In  such  a  Banner  that  profile  shapes  tlnifar  to  those  of  the  in¬ 
verse  design  are  generated,  nay  be  a  costproalse  for  the  tise  being. 
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